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Abstract: Several typical organic components, L-ascorbic acid (L-AA), L-glutamine (L-GlIn), L-
alanyl-L-glutamine (L-Ala-L-GIn) and fetal bovine serum (FBS) were chosen to elucidate the effects
of organic components on the degradation of pure Mg under cell culture conditions. The results
revealed that the influence of organic components on the degradation of pure Mg is time-dependent
and they play an important role in the formation of the degradation layer. The addition of organic
components favors the precipitation of nesquehonite rather than hydromagnesite in the “outer” layer,
while in the “inner” layer the organic components accelerates the formation of phosphate (Mg-PQOg,

Ca-P salts) during immersion.
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1. Introduction

Magnesium (Mg) alloys have become more and more favorable in medical applications due to their
excellent biodegradability and bioresorbability [1-3] and clinical applications are already reported [4].
However, a too high, in some cases unpredictable, degradation rate is still a problem for their
applications because it can lead to the formation of gas pockets, high ionic concentrations and pH
which result in the failure of implant in the early service [5-7]. Therefore, the establishment of a
reliable evaluation standard is a prerequisite for their application as absorbable metallic implants

with controllable degradation speed.

For the successful establishment of this reliable evaluation standard, it is necessary to evaluate the
effect of physiological parameters on the degradation of Mg-based biomaterials. Many degradation
studies have been conducted in simple to complex salt solutions, such as Hank’s solution and
simulated body fluid (SBF), to investigate the influence of inorganic ions on the degradation of Mg
alloy [8-13]. The impurities of materials (for example Fe) is also very important for Mg degradation
due to the enhancement of galvanic corrosion [14]. Additionally, the pH buffering of media and the
temperature used for in vitro tests always affect the Mg degradation [15]. Chloride ions (CI’), as the
most important part, largely accelerate the degradation of Mg implants by breaking the integrity of
the surface film [8, 10, 16], phosphates decrease the degradation rate due to the formation of dense
phosphate layer [8], and an appropriate amount of carbonate ions can induce rapid surface
passivation because of the precipitation of magnesium carbonate [8, 9]. The monovalent cations (K,
Na") in solution are more prone to accelerate the degradation of Mg than divalent cations (Ca**, Mg*")
[12]. However, these simple salt solutions under normal conditions are far away from the real

physiological environment which comprises a very complex mixture of organic and inorganic
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molecules and a different concentration of O,/CO, at different implant sites, which results in the

difference between in vitro and in vivo degradation [17, 18].

Consequently, the inclusion of organic components in simulated solutions is the next step towards a
closer simulation of in vivo conditions and a better understanding of the degradation of Mg alloys.
Therefore, cell culture media containing amino acids and vitamins, such as Dulbecco’s modified
Eagles’ medium (DMEM) and minimum essential medium (MEM), have already been used for the
degradation tests under cell culture conditions. These organic components significantly altered the
degradation behavior of Mg due to the chelating/binding effect and the adsorption of organic
molecules on Mg surface [15, 19-23]. Furthermore, the adsorption of proteins has been used to
develop protective films for the controllable degradation of Mg alloys [24-26]. On the other hand,
organic components also affect the formation of the degradation layer during immersion. For
example, proteins can adsorb on the Mg surface, thereby leading to the variation of the surface layer
compactness or thickness [27, 28]. Some conditions also result in the severe deposition of
precipitates on the surface, resulting in two sections of the degradation layer: loosely “outer”
crystalline layer and “inner” amorphous layer [29]. In different media, the organic components also
show different influence on the formation of degradation products. In HBSS, the addition of fetal
bovine serum (FBS) postponed the formation of “outer” crystalline products, while the formation of
Ca-P salts was promoted by FBS in simulated body fluid (SBF) [30]. However, the influence of
organic components on the degradation of Mg had not reached a consensus due to the complicated
system when organic components were added and their complexity in chemical reactions with the
environment. Moreover, reliable in vitro evaluation standards for absorbable Mg have been neither
established nor compared with in vivo tests. Therefore, it is of great significance to have insight into

the effects of organic components on the degradation of Mg.

Page 4 of 36



10

15

20

The aim of this study is to examine the effects of several typical organic components used in cell
culture media on the degradation of Mg. A simple salt solution, Hank’s balanced salt solution (HBSS)
without calcium and magnesium, was used as the base solution. L-ascorbic acid (L-AA), L-
glutamine (L-GIn), L-alanyl-L-glutamine (L-Ala-L-GIn) and fetal bovine serum (FBS) were chosen
to elucidate the influence of organic components on the degradation process. L-AA (vitamin C) is
one of the most important vitamins in human body, which enhances the immune system and prevents
various oxidative stress-related diseases, such as cancer and cardiovascular diseases [31, 32]. L-GlIn
is the most abundant free amino acid in human body with the largest storage area in skeletal muscle
[33]. It is involved in many physiological functions including cellular proliferation, acid-base
balance, antioxidant synthesis and protein synthesis in the muscle [34-38]. However, L-GIn is
unstable in solution during heat sterilization and prolonged storage, thereby deaminating into
ammonia which has deleterious effects on cells [39]. Therefore, L-Ala-L-GIn as a dipeptide is used
as a substitute for L-GlIn in cell culture media. It is less ammoniagenic than L-GIn, which contributes
to its advantages as a media component [40]. By using these four organic components, the effects of
organic components on the degradation of pure Mg were investigated by analyzing the changes of

media during immersion and the degradation layers formed in different media.

2. Materials and Methods
2.1. Materials

Pure Mg (99.94 %, chemical composition is shown in Table 1) used in this study was purchased from
Magnesium Elektron (Manchester, UK). Rectangular specimens with dimensions of 10 mm <10 mm
x4 mm were cut out of the ingots via arc erosion (AMS tech., Taiwan). Before use, the specimens

were successively wet ground with SIiC abrasive paper (Schmitz-Metallographie GmbH,
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Herzogenrath, Germany) from 800 to 2500 grit, then ultrasonically cleaned for 20 min in N-hexane,
5 min in acetone and 20 min in ethanol (Merck KGaA, Darmstadt, Germany). Finally, the samples
were dried in 12-wells cell culture plates (Greiner Bio-One, Frickenhausen, Germany) for at least 30
min in air under sterile conditions. The homogeneity of materials has been investigated by
characterizing the microstructure and surface roughness before the immersion tests, the

representative results were supplied in supplement files (Fig. s1).
2.2. Immersion media

Hank's balanced salt solution (HBSS, Order-No. 14715, Life Technologies, Darmstadt, Germany)
without calcium and magnesium addition (the composition is shown in Table 2), was used as a base
solution for all immersion media. L-AA (Sigma-Aldrich Chemie, Steinheim, Germany), L-GlIn
(Thermo Fisher, Karlsruhe, Germany), L-Ala-L-GIn (Biowest, Darmstadt, Germany) and 10 % FBS
(PAA laboratories, Linz, Austria) as a protein component, were added in a concentration comparable
to that in two cell culture media, Dulbecco's modified Eagle's medium (DMEM) and Minimum
Essential Media Alpha (a-MEM). After these components except FBS were added into HBSS, the
media were sterile filtered by bottle top-filters with a pore size of 0.2 jum (Thermo Fisher, Karlsruhe,

Germany). Thus, eight immersion media were prepared as following:

A: Base solution (HBSS)

B: HBSS + 50 mg/L L-AA

C: HBSS + 292 mg/L L-GIn

D: HBSS + 862 mg/L L-Ala-L-GlIn

E: HBSS + 50 mg/L L-AA + 292 mg/L L-GIn

F: HBSS + 50 mg/L L-AA + 862 mg/L L-Ala-L-GIn

G: HBSS + 50 mg/L L-AA + 292 mg/L L-GIn + 10 % FBS
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H: HBSS + 50 mg/L L-AA + 862 mg/L L-Ala-L-GIn + 10 % FBS

2.3. Immersion test

Before sterilization, the initial weights of samples as well as the initial pH (SENTRON ARGUS X
pH-meter, Fisher Scientific, Schwerte, Germany) and osmolality (Osmomat 030, Gonotec, Berlin,
Germany) for the eight immersion media were recorded. Eighteen samples were immersed in media
as a sample weight to medium volume ratio of 0.2 g/mL under cell culture conditions (37 C, 5 %
COg2, 20 % Oy, 95 % rel. humidity) in an incubator (Heraeus BBD 6620, Thermo Fisher Scientific,
Schwerte, Germany). The immersion media were changed every 2 or 3 days to present a semi-static
immersion test. pH and osmolality were determined after each change of the media. Media without

samples were incubated in parallel as controls.

A 24-well Sensor Dish with integrated sensor spots at the bottom of each well (PreSens Precision
Sensing GmbH, Regensburg Germany) was used to monitor the change of pH with the immersion
time. The concentration of L-GlIn in media was determined by using the glutamine colorimetric assay
kit (BioVision, Inc., ZUrich, Schweiz). The standard curve was prepared by using GIn standard
solutions with a successive concentration from 0 M to 250 M. At each time point, 10 pL of media
with or without samples (three replicates) were taken out from well plates, then centrifuged at 10000
g for S min at 4 °C. 2 pL of the supernatant was added to 96-well clear plates with flat bottom. The
volume was adjusted to 40 pL/well with ddH,O. 10 L hydrolysis mix solution was added to each
sample well, then the plates were incubated for 30 min at 37 °C. Subsequently, 50 pL reaction mix
solution was added to each sample well. The plates were incubated for 60 min at 37 °C. Finally, the
absorbance at 450 nm was measured with a reference absorbance at 620 nm in Tescan A-5082

microplate reader (Sunrise Romote, Austria).

2.4. Degradation rate
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Six samples were taken out of the respective media at the time points of 3 days, 7 days and 14 days,
then cleaned twice with double distilled water and dried at 50 C in air. Two samples were left to
analyze the surface product and prepare the cross section. Degradation products on other four sample
surfaces were removed by immersion in chromic acid (180 g/L chromium (VI) oxide in distilled
water, VWR International, Darmstadt, Germany) for 20 min at room temperature. Afterwards they
were rinsed in distilled water and 100 % ethanol. After drying, the weights of the samples were

determined again and the mean degradation depth (h) in jum was calculated according to the equation:

10000-4m _ DR -t
~ T 45 876 (1)

where A is the surface area in cm? p is the density of pure Mg (1.74 g/cm®), t is immersion time in
hours, Am is the observed mass loss in gram and DR is the degradation rate in mm/year. The
degradation expression by using mean degradation depth has a higher probability in determining the
realistic degradation rates of Mg alloys, especially for the long-term immersion, and the rationality
has been discussed in literature [41]. To compare with other reports, the transformation between h
and DR also was listed in equation (1). For example, the mean degradation depth after 3 day
immersion in HBSS is 22.87 +£1.39 um, which is equivalent to the degradation rate of 2.78 +0.17

mm/year.

Prior to the use of chromic acid, the ground samples without immersion were treated with chromic
acid for 20 min to investigate the influence of chromic acid on the bulk materials (pure Mg). The
same weight of samples before and after treatment with chromic acid indicates that chromic acid

treatment will not dissolve the bulk materials (pure Mg).

2.5. Surface morphology

Page 8 of 36



10

15

20

The samples after different days of immersion without further treatment were used directly to check
the morphology by scanning electron microscopy (SEM, Phenom-World, Eindhoven, Netherlands) in

backscattering mode with an accelerating voltage of 15 kV.
2.6. Degradation products analysis

In this study, the degradation layer or degradation products refer to both “inner”” amorphous products
and “outer” crystalline products unless the nomenclature for this layers is in the following “inner”
and “outer”. To identify the products formed and deposited on the surface, the Mg surfaces after
different days of immersion without further treatment were examined by X-ray diffraction (XRD),
performed on a Bruker D8 Advance (Bruker, Karlsruhe, Germany) in grazing incidence geometry at
an incident angle of 3< The generator was set for 40 kV and 40 mA. Data was collected between 26
= 10<- 70<at 0.01<intervals. The counting time was 0.5 s per data point. Data analysis was carried

out using analysis software (BrukerEVA and PDF-2 Release 2015 RDB).

To detect the composition of the “inner” degradation products, the “outer” precipitates on the surface
were removed as much as possible with adhesive tape. The samples were investigated by SEM
(Phenom-World, Eindhoven, Netherlands) to confirm the removal of the precipitates prior to the
characterization by infrared spectroscopy in reflectance mode. Then a Bruker Tensor 27 infrared
spectrometer equipped with an infrared microscope (Bruker Hyperion 2000, Ettlingen, Germany)
was used to record the absorbance spectra of degradation products formed on the Mg surface from
different media. The spectra were recorded with a resolution of 2 cm™, taking 512 scans. For data

evaluation Brukers OPUS software version 7.5.18 was used.

2.7. Composition of degradation layer
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Before the removal of “outer” precipitates layer, the cross sections of samples were prepared by
embedding in resin (Demotec 30, Nidderau, Germany), with the cross sections oriented upwards and
subsequently polished with colloidal silica suspension (Cloeren Technology GmbH, Wegberg,
Germany) to a mirror-like surface. The resulting surfaces were analyzed by backscattered electron
(BSE) images of the degradation layer, and chemical element mapping by utilizing a scanning
electron microscope (Tescan Vega3 SB, Brno, Czech Republic) equipped with energy dispersive
spectrometer (EDS) was conducted. At least 80 sites of cross section for each sample were measured
for the layer thickness from the BSE images. Element mappings were performed using an
accelerating voltage of 15 kV and the resolution was 256 pixels. The diameter of beam was 300-500
nm depending on the beam intensity used. The acquisition time was 80 ms per pixel. The area of the
scanned surface depended on the magnification used. The pixel size was about 400 nm > 400 nm.
The nominal acceleration depth for Mg is at least about 3.5 um under this condition. The minimum
limit of detection in our experiments was 1000 ppm. The deviation of counting statistics is 3-6 %.
The weight percentages of phosphorus in degradation products near the Mg matrix were calculated

from the mapping by using Iridium Ultra software.
2.8. Statistical analysis

The data were analyzed and plotted using the software Origin 9.0 (Originlab Corporation, Wellesley
Hills, USA). Standard analysis comparing more than two treatments was done by using one-way
analysis of variance (ANOVA) on ranks with Dunn’s multiple comparison post hoc tests. Figs. 4, 7,

9 were organized by using Adobe Photoshop CS6 (Adobe Systems Incorporated, San Jose, USA).

3. Results
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3.1. Degradation depth, pH, osmolality and layer thickness

The mean degradation depths of pure Mg after 3, 7 and 14 days of exposure in different media are
depicted in Fig. 1. After 3 days of immersion, there was no significant difference between the mean
degradation depths in different media. However, after a relatively long immersion (14 days), the
samples immersed in media with organic components showed a higher degradation depth than the

control (in HBSS), especially for those in media with more than one kind of organic components.

The changes in pH and osmolality of the degradation media were measured during each change of
media, as shown in Fig. 2. As expected, both the pH and the osmolality changed to higher values
irrespective of the used media compared to those without samples. The increase in pH was generally
higher for HBSS than other media, while the increase in osmolality showed an adverse trend,
especially for the media with more than one kind of organic components. The osmolality of all media
generally decreased with incubation time, suggesting the decrease of degradation rates with

immersion time.

Generally, the thickness of the degradation layer tended to increase with the incubation time (Fig. 2c).
Single organic components, like L-AA, L-GIn, L-Ala-L-GlIn, led to thickening of the degradation
layer. In contrast, when more than one kind of organic components was present, the layer thickness

sharply decreased compared with that formed in HBSS.
3.2. The concentration of L-GIn during immersion

To verify the participation of L-GlIn in the formation of degradation products, the concentration of L-
GIn was measured during the incubation as shown in Fig. 3b. Since L-GlIn is not stable during
incubation and it could deaminate with the increase of pH, pH of media were also determined during

the incubation (Fig. 3a). The range of the on-line pH device (pH: 5~9) limited the determination of
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pH, which led to a vacancy during the first several hours of immersion. However, it could be seen
that pH reached stable values after about 20 hours of immersion. The concentrations of L-GlIn also
were measured at different pH (Fig. 3b), it was stable at around 1.4 mM, which indicated after 20
hours of immersion the deamination of L-GIn had little influence on the concentration of L-GIn.
However, the concentration of L-GIn with samples decreased after 20 hours’ incubation, suggesting

L-GlIn participated in the process of degradation by adsorption or other ways.
3.3. Surface morphology

All samples after immersion showed a blackish surface with some white precipitates (the optical
images can be seen in Fig. s2 of the supplementary). A comparison of the sample surfaces after
degradation is shown in Fig. 4. From the SEM images, the white precipitates in HBSS and HBSS
with one kind of organic components showed a conglomerate of very thin platelets. When two kinds
of organic components were added in HBSS, a well-formed needle-like precipitate layer was present
on the surface. However, the needles gradually diminished with the immersion time, suggesting the
needles were not stable under this condition. The addition of FBS had further influence on the
morphology of the precipitates on the surface. The detailed morphologies are shown in the images

with a high magnification (Fig. 4).
3.4. The composition of degradation products

Since the samples with same morphology had a reproducible spectrum, typical spectra of the
degradation layer with different morphology were selected to present the XRD results. As shown in
Fig. 5, the results revealed that hydromagnesite (reference card 00-070-1177) and dypingite
(reference card 00-29-0857 and 00-23-1218) were the main components of the conglomerate
composed of thin platelets, while the well-formed needles were nesquehonite (reference card 00-020-

0669). The precipitates formed in HBSS containing FBS are also nesquehonite, although the
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morphology of precipitates changed after the addition of FBS (Fig. 4). However, after the removal of
the “outer” precipitates, the morphology of the “inner” degradation layers formed in different media
showed little difference (SEM images in Fig. 5). The XRD patterns only had several weak peaks
from Mg, suggesting the amorphous state of the “inner” degradation products or the nanocrystals

formed in the “inner” layer.

To give an insight into the composition of the “inner” degradation layer, IR reflection spectra were
conducted for the samples after the removal of the “outer” precipitates by adhesive tape. The spectra
from the surface of the “inner” degradation layer formed in different media gave similar information,
indicating similar components of all “inner” degradation layers. Therefore, typical examples are
given in Fig. 6 (the spectra of samples in different media are all provided in Fig. s3). Strong IR
signals in the range 1400-1550 cm™ arise from the anti-symmetrical CO3” stretching and/or amide 11
of organic components [25, 28], while the band at 860 cm™ is assigned to the COs* bending
vibration [42]. The shoulder at 1640 cm™ is ascribed to an OH-bending mode of water and/or amide |
of organic molecules [8]. The broad band centered near 3500 cm™ is attributed to the stretching
vibration of the hydroxyl group. This broad band stems mainly from strong H bonding of water
inside the “inner” degradation products, which absorbed on the degradation products or embedded in
interstitial spaces of degradation products [13]. The band around 1050 cm™ is associated with the
asymmetric stretching of phosphate [43]. Moreover, a weak sharp band at 3698 cm™ is related to the
free hydroxyl group, indicating the presence of Mg(OH), in the “inner” layer [42]. Therefore, it can
be confirmed that the “inner” degradation products were mainly magnesium carbonate, phosphate
and magnesium hydroxide. Most probably MgO also is present, as previously proposed [44]. MgO

could not be detected in our experiments due to the high signal to noise ratio below 600 cm™, while
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Mg-O vibrational modes give rise to bands below 560 cm™ [8]. A summary of these findings is

depicted in Fig. 9.
3.5. Chemical element mapping

To validate the variations in the chemical composition on the Mg surface treated with different
solutions, before the removal of degradation product, chemical element mapping was conducted for
samples immersed in different media after different incubation time. The distributions of elements,
carbon (C), oxygen (O), phosphorous (P), magnesium (Mg) and calcium (Ca) were probed for all
samples after immersion (Ca only existed on the degradation layer formed in the media with FBS).
The detected amount of S, Na and Cl was negligible for all samples (< 0.5 wt. %), hence the

corresponding mappings are not presented in Fig. 7.

To highlight the most important points, element mappings of the degradation layers with different
morphologies were selected to present the results of this measurement (Fig. 7). As expected, the
existence of C, O, Mg in degradation layer tended to support that carbonate was one of the
degradation products as revealed by both XRD and IR reflection spectra. Due to the similarity of the
compositions between the “outer” precipitates and the “inner” degradation layer, it was hard to
distinguish the boundary between these two layers. However, there was an obvious difference for the
distributions of P in degradation products near Mg matrix. The existence of P indicated the formation
of phosphate in the degradation layer. For the samples incubated in media with FBS, a thin P/Ca-rich
layer formed after 3 days of incubation, indicating the formation of a more compact layer for Mg
against the attack of aggressive ions in media [45]. The distribution of Ca was in accordance with

that of P for the samples immersed in media with FBS, indicating the formation of Ca-P salts.

The weight percentage of P in the degradation products near Mg matrix was analyzed according to

the chemical mapping to get the quantitative difference of the chemical compositions of degradation
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layer. As shown in Fig. 8, after the addition of organic components, the contents of P in the
degradation products significantly increased, especially for media with more than one kind of organic
components. Moreover, the values also rose with immersion time. However, it should be noted that

the content of P is quite low (< 6 wt. %) in the degradation products.

4. Discussion

In general, when Mg is immersed into aqueous solution, Mg dissolves into solution as Mg®* and

hydrogen is evolved by the following reactions [22].

Mg + 2H,0 — Mg?* + 20H + H, 1 (2)

Along with the dissolution of Mg, the pH of the solution and the concentration of Mg?* near the
surface increase, resulting in the formation of degradation products on the surface. The critical Mg?*
concentrations for different products have been discussed in literature [30]. Therefore, several
components as degradation products form on the surface according to the compositions of HBSS:

Mg(OH),, MgCO3 and Mgs(PQO,), [13, 30, 44].

Mg®* + 2 OH — Mg(OH), (3)
Mg®* + CO3> — MgCOs (4)
3 Mg? +2 POs> — Mgs(PO,), (5)
X Mg?* +y Ca®* + z PO,> — Mg,Cay(PO,); (6)

The formation of Ca-P salts is also possible as shown in equation (6) when FBS is present due to the
existence of Ca in FBS. In our study, the addition of the organic molecules leads to a high content of
phosphorous in degradation products (Fig. 8), suggesting the organic molecules promote the

formation of phosphates in the “inner” degradation layer which may inhibit the degradation of Mg.

Page 15 of 36



10

15

20

Moreover, due to a more complex structure of protein, a P/Ca-rich layer forms on the sample surface
in media with FBS (Fig. 7). It has been reported that some amino-functionalized materials were
chosen as phosphate adsorbents to remove phosphate from aqueous solutions by electrostatic
attraction and the adsorption capacity was almost unaffected by the presence of competitive ions but
changed with pH and temperature [46-50]. Moreover, it has been found that the absorbed amino
acids on surfaces can promote hydroxyapatite mineralization by attracting Ca®* and PO,* and
increasing the local supersaturation [51]. These are possible explanations for the increased content of
phosphate in the “inner” degradation layer formed in media with organics. However, the interaction
between organic components and PO,*/Ca?*/Mg?* still needs further investigation to elucidate the

role of organic molecules in phosphate precipitation.

The continuous degradation of Mg leads to the increase of Mg?* concentration and pH in media,
eventually resulting in the saturation of Mg®* for different salts (nesquehonite, hydromagnesite).
Therefore, some precipiates also deposit on the surface from the solution to form the “outer” white,
loosely bound precipitates layer. In our study, two different precipitates formed dominatly on the
surface, hydromagnesite (Mgs(CO3)4(OH), 4H,0) and nesquehonite (MgCO3 3H,0) as shown in Fig.
5. Nesquehonite may be formed in three ways, directly precipitated from solution, hydrated from

magnesite or transformed from hydromagnesite when the CO, pressure becomes sufficiently high

[42, 52].
Mg®* + CO5* + 3H,0 — MgCO; 3H,0 7)
MgCOs + 3 H,0 — MgCOj3 3H,0 (8)

Mg5(C03)4(OH)2 4H,0 + CO, + 10 H,0 — 5 MgC03 3H-,0 (9)
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However, a number of possible ways also have been reported for the formation of hydromagnesite,
for example, directly precipitated from solution. At high CO, pressure (about 10°-10" atm),
magnesite can be hydrated to hydromagnesite along with the increase of water vapour pressure [42].
At high water vapour pressure (about 10%®~10"° atm), increasing CO, presure can convert
magnesium hydroxide into hydromagnesite [42]. Hydromagnesite can also be formed by dehydration

of nesquehonite [42].

5 Mg?* + 5 OH + 4 CO5* + 4 Hy0 —Mgs(CO3)4(OH), 4H,0 (10)
5 MgCOj3 + 5H,0—Mgs(CO3)4(OH), 4H,0 + CO; (11)
5 Mg(OH); + 4 CO; — Mgs(CO3)4(OH); 4H,0 (12)
5 MgCO3 3H,0 — Mgs(CO3)4(OH), 4H,0 + CO; + 10 H,0 (13)

Based on the conditions used, the precipitates are possible formed by the equation (7, 8, 10, 11). The
type of the “outer” precipitates (nesquehonite or hydromageniste) may affect the thickness of
degradation layer. When nesqueshonite deposits on the surface, the degradation layer is significantly

thinner than that with hydromagnesite precipitates (Fig.2c).

Under the conditions used in this study, hydromagensite forms on Mg surface in HBSS or HBSS
with single organic component, while the addition of two or more kinds of organic components to
HBSS leads to the formation of nesquehonite. There are two important factors for the formation of
different precipitates on Mg surface: pH and free Mg?* concentration. The changes in pH do not only
depend on the buffering of HCO3/CO,. The addition of organic components, especially when at least
two kinds of organic components were added, results in a lower pH than in HBSS during the
immersion. This may be related to the buffering capacity of the carboxyl-groups and amino-groups,

since the pH values were still lower than that of HBSS even after 14 days’ incubation when the
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degradation rates of samples in the organic-containing media were already higher than that of the
control (Fig. 1). On the other hand, the obvious feature for the media containing the organic
components is the higher osmolality compared with that in HBSS solution (Fig.2b). The osmolality
is mainly attributed to the Mg of the solution. It can be explained by the binding of ions to the
organic molecules presented and the chelating effect of amino acids and proteins [28, 53-55]. The
binding and chelating of proteins have already been proven [56-58], which can lead to the higher
osmolality of media. The formation of different precipitates on Mg surface in HBSS-based media
indicates a stronger regulating ability of the mixture of the organic components for pH and free Mg
concentration than single organic components, resulting in the faster degradation of Mg in HBSS
with more organic components as shown in Fig. 1. This interaction between various factors is
difficult to display or examine in simplified experiments, however, we believe that the application of

physiological conditions is an important factor for experimental setups.

The decrease of L-GIn concentration after 20 hours immersion (Fig. 3b) indicates the participation of
L-GlIn in the degradation process by adsorption or other ways. L-AA and Amino acids have already
been evaluated as corrosion inhibitor for Mg alloys, Al alloys or steel due to their adsorption on
sample surface [59-63]. The corrosion inhibition of BSA has also been studied and is due to the
physical/chemical adsorption or the chemical binding of protein to magnesium on the surface [19,
64]. Furthermore, proteins can adsorb on the degradation products by tightly binding to oxygen
atoms through acid/base interactions [65]. These results on the adsorption of organic molecules are in
agreement with the decrease of L-GIn concentration (Fig. 3). Moreover, the adsorption of organic
melocules can also affect the growth direction of crystals [66], thereby affecting the morphology of
precipitates on the surface. This is one of possible reasons for the change of the morphology of

nesquehonite when FBS is present in media.
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During the immersion test, the media were changed every 2 or 3 days to present a semi-static
condition, which results in fresh media with low osmolality and low pH after the change of media.
This condition lead to the dissolution or transformation of nesquehonite, resulting in the change of
morphology with immersion time (Fig. 4b), because the solubility and stability of nesquehonite is
related to the concentration of Mg?* and pH [67, 68]. It has also been demonstrated that nesquehonite,
as the precursor of hydromagnesite, can decompose to hydromagnesite with the formation of some
intermediate hydrate phases, such as, dypingite and protohydromagnesite. [52, 69]. The
transformation between these carbonates is tightly related to the fluctuation of some parameters, eg.

pH, Mg*" concentration, temperature, etc. [70]. The processes of precipitation are quite complex,

since the family of magnesium carbonates consists of a variety of compounds and they can be
transformed into each other under certain conditions [69, 71, 72]. Therefore, a slight change of
parameters in the immersion experiment setups in other studies might lead to the formation of other

members of this family. These basic mechanisms are depicted in Fig. 9.

Concerning the effect of organic molecules on degradation rate of Mg, the previous investigations
draw different conclusions for the effect of small organic molecules on Mg degradation. Wang et al.
indicated that L-cysteine (6 mg/L) would inhibit the corrosion of pure Mg in 0.9 wt. % NaCl solution
due to the adsorption on Mg surface [73]. However, under cell culture conditions, the mixture of
more organic components (amino acids, vitamins) would promote the release of Mg ion to E-MEM
and increase the degradation rate of pure Mg from 0.468 mm/year to 0.676 mm/year after 14 days of
immersion in MEM [15, 22], which is consistent with our result that organic components increase the
degradtaion of Mg after 14 days of immersion. Our results showed that the mixture of organic

molecules gives stronger influence for Mg degrataion than the single organic molecule. Therefore,

Page 19 of 36



10

15

20

these different conclusions or uncomparable degradation rates from these investigations may ascribe

to different content or kinds of organic molecules used and different base medium used.

Similar results can be assumed for pure Mg in DMEM that the presence of amino acids and vitamins
in DMEM also could affect the degradation of Mg under cell culture conditions [20]. DMEM
commonly was used to evaluate the degradation of Mg in vitro due to a comparable degradation rate
and degradation layer in DMEM to in vivo conditions [6]. Moreover, DMEM also contains abundant
small organic molecules, such as, amino acids, vitamins. The precipitate (nesquehonite) also was
found to form on Mg surface in DMEM [28, 30], as formed in HBSS with the mixture of organic
molecules. Generally, the degradation rate of pure Mg is around or below 1 mm/year in DMEM |5,
6], which is lower than in HBSS-based media (1-3 mm/year in this study). This slower degradation
of Mg in DMEM mainly results from Ca?* and high concentration of HCO3™ [13]. Furthermore, the
degradation rate of pure Mg in vivo is normally below 1 mm/year and the degradation layer formed
on Mg surface always is found to be two layer: inner layer and outer P/Ca layer, and the out P/Ca
layer is believed to deposit on sample surface during implantation [5, 6, 15, 74]. However, the outer
precipitate layers are formed by crystalline carbonates in this study. This difference is due to the
shortage of Ca/Mg ions, organic components in media, and the absence of cells in this study
compared with in vivo conditions. Although the degradation rate and degradation products is not
completely comparable to in vivo conditions, our approach can still give some information about the

role of organic molecules in the degradation of Mg.

In summary, our study shows that organic molecules do not significantly affect the degradation rate
of pure Mg during a relatively short-term immersion, but after a long-term exposure they encourage
the dissolution of Mg. More important, the organic components play an important role in the

formation of degradation products, which largely affect the formation of precipitates in the “outer”
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layer and evidently promote the formation of phosphate in the “inner” layer. The promotion of
phosphate formation in organic-containing media may be related to the surface biomineralization and
tissue regeneration during in vivo tests [75]. These results indicate that the addition of organic
components not only supports cell proliferation or tissue culture, but also changes the surface
conditions (surface product, charge, roughness, etc.) of Mg for cell adhesion or biological
performance of materials. Moreover, during in vivo investigations, the cells or tissues can release
some organic molecules during the interaction with materials after implantation, for example, the
adhesion of osteoblasts is achieved via the adhesive proteins [76]. These organic molecules also can
affect the degradation of Mg implants. Although the conditions used in this study are still different to
in vivo conditions, it can provide some references for the understanding on the in vivo degradation of
Mg when organic components are present. A further more physiological conditions (complex
medium, flow conditions, etc.) and more detailed investigations on the influence of organic

components are still needed to achieve a clear understanding on the in vivo degradation of Mg.

5. Conclusions

We have first insights into the interplay between organic components and Mg degradation under
physiological conditions. Unexpectedly, the influence of organic components on the degradation rate
and layer composition was time-dependent. Although the conditions used in this study is still far
away from the in vivo conditions, a fundamental conclusion can be draw that the presence of organic
molecules in test medium plays an important role in the formation of degradation products,
suggesting the different compositions of degradation products between in vitro and in vivo
investigations. In other words, the organic components not only affect the degradation rate of Mg,

but also result in a different degradation surface for cells or tissues during in vitro tests, then leading
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to a possible different degradation and biological performance of materials. Moreover, the promotion
of phosphate in degradation layer by organic components suggests the interaction between organic
components and surface biomineralization or tissue regeneration. Therefore, we recommend the
addition of organic components to test medium for in vitro Mg characterization to obtain reliable

results compared with in vivo tests.
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Figures

Fig. 1 Mean degradation depths of pure Mg after immersion for 3, 7 and 14 days in different media
under cell culture conditions. (One-way ANOVA, Dunn’s test, Significance level: (*): p<0.05, (**):
p<0.01)

Fig. 2 Changes in pH (a) and osmolality (b) after different days of incubation under cell culture
condition in different media, Box and Whisker plot of the layer thickness (c) after different
incubation time in different media. (The boxes (bottom to top) show the 25th percentile, median and
75th percentile. The whiskers mark the 10th and 90th percentiles, the rectangular points in the box
are average values, significance level: (*): p<0.05, (**): p<0.01)

Fig. 3 The changes of pH (a) and L-GlIn concentration (b) during the immersion. The absence of data
during the initial immersion resulted from the range of on-line pH device (measurement range: pH 5
- 9), when pH is higher than 9, it can not be detemined by the device. (The grey background indicates

the stable pH)

Fig. 4 SEM images of samples immersed in different media for different time (the compositions of
media are listed in the above table, + refers to the existence of the component in medium, - refers to

the absence of the component in medium).

Fig.5 XRD patterns of samples with different morphologies before and after the removal of white
precipitates ((1) refers to the surfaces in HBSS with two kinds of organic components, (2) refers to
the surfaces in HBSS with three kinds of organic components, (3) refers to the surfaces in HBSS or

HBSS with one kind of organic components).

Fig. 6 Typical IR reflection spectra of the “inner” degradation layers on Mg formed in different
media. (Light grey region refers to the bands from carbonate or organic components, Dark grey

region refers to the bands from phosphate)
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Fig. 7 BSE images and chemical element mappings of Mg samples exposed to HBSS with different

organic components for different days.
Fig. 8 The weight percentages of P in degradation products near the Mg matrix in different media.

Fig. 9 Schematic illustration of degradation of pure Mg in different media. (a) pure Mg; (b)-(d)
degradation in (I) HBSS or HBSS with one kind of organic components; (e)-(f) degradation in (1)
HBSS with two kinds of organic components; (h)-(j) degradation in (I11) HBSS with three kinds of
organic components. The conditions for (b-j) are cell culture conditions as indicated in (a). The deeper
color of media indicates the larger osmolality of media, the deeper color of “inner” layer indicates the

higher content of phosphate.
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Fig. 1

Fig. 2
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Fig. 3
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Fig. 4

Medium composition
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Fig. 5
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Fig. 7
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Fig. 8
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Fig. 9

Cell culture conditions
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Tables
Table 1: Chemical composition of pure Mg.

Table 2: The composition of Hanks’ balanced salt solution (HBSS).

5
Table 1
Composition (Wt.%) Ca Zn Fe Cu Si Mn Mg
Weight percentage  0.0004 0.018 0.0044 0.0089 0.0014 0.0021 balance
Table 2
Ingredient mg/L mM
Potassium chloride (KCI) 400 5.33
Potassium Phosphate monobasic (KH2POy,) 60 0.441
Sodium bicarbonate (NaHCO53) 350 4.17
Sodium chloride (NaCl) 8000 137.93
Sodium phosphate dibasic (Na;HPO,4 2H,0) 48 0.338
anhydrous
D-Glucose (Dextrose) 1000 5.56
10
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