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Abstract: To date, there are no bioresorbable alternatives to non-resorbable and volume-stable
membranes in the field of dentistry for guided bone or tissue regeneration (GBR/GTR). Even magnesium
(Mg) has been shown to constitute a favorable biomaterial for the development of stabilizing structures.
However, it has been described that it is necessary to prevent premature degradation to ensure both
the functionality and the biocompatibility of such Mg implants. Different coating strategies have
already been developed, but most of them did not provide the desired functionality. The present
study analyses a new approach based on ion implantation (II) with PVD coating for the passivation
of a newly developed Mg membrane for GBR/GTR procedures. To demonstrate comprehensive
biocompatibility and successful passivation of the Mg membranes, untreated Mg (MG) and coated
Mg (MG-Co) were investigated in vitro and in vivo. Thereby a collagen membrane with an already
shown biocompatibility was used as control material. All investigations were performed according
to EN ISO 10993 regulations. The in vitro results showed that both the untreated and PVD-coated
membranes were not cytocompatible. However, both membrane types fulfilled the requirements for
in vivo biocompatibility. Interestingly, the PVD coating did not have an influence on the gas cavity
formation compared to the uncoated membrane, but it induced lower numbers of anti-inflammatory
macrophages in comparison to the pure Mg membrane and the collagen membrane. In contrast,
the pure Mg membrane provoked an immune response that was fully comparable to the collagen
membrane. Altogether, this study shows that pure magnesium membranes represent a promising
alternative compared to the nonresorbable volume-stable materials for GBR/GTR therapy.
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1. Introduction

The regenerative principle of guided bone and tissue regeneration (GBR/GTR) is based on cell
exclusivity through barrier membranes [1]. Until now, only nonresorbable membranes mostly based on
compounds like dense polytetrafluoroethylene (dPTFE) or expanded polytetrafluoroethylene (e-PTFE)
provide volume stability in combination with titanium meshes as so-called titanium-reinforced PTFE
membranes [2,3]. However, such materials require a second surgical intervention for extraction and
may lead to wound opening and bacterial infiltration with subsequent infection [4]. Up to date,
this feature is exclusively reserved for this membrane type making its application indispensable even
for multidimensional bony defects.

To overcome the limitations of the currently used non-resorbable barrier membranes, a new
generation of membranes has been introduced, combining the advantages of resorbability with
volume stability. An initial step in this direction was reported in a publication by Barbeck et al.
that showed the good biocompatibility of a new bioresorbable barrier membrane composed of a
hydrofluoric acid (HF)-treated magnesium (Mg) mesh embedded in a native collagen membrane for
volume stable indications [5,6]. In this study, the HF-treatment was applied for passivation of the
implanted magnesium meshes to slow down its biodegradation as it is known that the application
of pure magnesium implants may lead to their rapid uncontrolled degradation along with hydrogen
gas evolution and related tissue incompatibilities [5]. In this context, a variety of coatings have
been analyzed for their suitability to enable the safe application of magnesium implants [5,7,8].
Interestingly, most of the coatings are based on (calcium) phosphate compounds and are thus not
suitable for combination with a magnesium-based barrier membrane due to their brittleness and
inflexibility [7,9,10]. An appropriate alternative method is coatings made via physical vapor deposition
(PVD), which produces thin films on the surface of biomaterials [7,11,12]. This coating technique is
mainly used to improve the optical, mechanical or tribological characteristics of different materials
such as surgical instruments [7,11,12]. The technique ion implantation (II) includes the bombardment
of ionized species and their implantation into the first atomic layers of a solid and can be combined
with different other coating techniques [13,14]. Thus, both techniques allow for surface modifications
using different implanted ions and an effect on material properties such as mechanical characteristics,
antibacterial properties, allergenicity or also corrosion resistance. In this context, it has been used to
produce different coatings on the surfaces of magnesium-based implants in order to improve their
corrosion resistance [15].

Additionally, it has been suggested that the next generation of biomaterials used for (bone) tissue
regeneration should also provide immunoregulative functionalities [16]. Thus, a biomaterial should
provide a special composition of physicochemical material characteristics that allow to modify specific
immune responses and support tissue regeneration on a molecular level. In this context, it has been
revealed that especially macrophages, but also cell types such as resident stem cells are key players in
the inflammatory tissue responses to a biomaterial and the regeneration [17–19]. These cell types should
be influenced by the biomaterial to act as anti-inflammatory and immunomodulatory elements in the
local environment with the aim to trigger bone replacement and optimally processes osteoinduction or
osteogenesis [16,20].

The present study was conducted to test the functionality of the PVD coating method to improve the
biocompatibility of a newly developed volume-stable Mg barrier membrane. After cytocompatibility
assessment, the subcutaneous implantation model in BALB/c mice was used to analyze the tissue
reactions to this new membrane in comparison to an uncoated magnesium membrane and an already
available and manifoldly examined collagen-based barrier membrane as already published [2,6,21,22].
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Moreover, the immune responses were comparatively analyzed based on the detection of M1- and
M2-macrophages based on a previously described protocol [2,23,24]. Established histological (immuno-)
histochemical staining methods as well as histopathological and histomorphometric procedures were
used for the execution of the present in vivo study [24–28].

2. Experimental Section

2.1. Ion implantation and Physical Vapor Deposition (PVD)

The Mg membranes were passivated by means of ion implantation under argon atmosphere
followed by PVD treatment using a specially constructed coating system from the company Ts
TriboSystems (Weingarten, Germany).

The deposition process steps were as follows: (a) vacuum level before starting the evaporation of
Cr: 1 × 10−5 mbar, (b) heating up to 400–450 ◦C, (c) argon etching for 30 min, (d) deposition of a thin
chromium interfacial layer and (e) deposition of CrN layer. After the deposition process, the treated
and untreated Mg-membranes were cleaned in an ultrasonic bath and then dried and packaged under
sterile conditions within a laminar flow chamber.

2.2. Cytocompatibility Analysis

Cytocompatibility analysis was conducted in accordance with the ISO 10993-5/-12 as described in
our previous publications [5,29–31]. Therefore, the process is briefly summarized:

2.2.1. Reference Materials (Positive and Negative Controls)

RM-A (Hatano Research Institute, Food and Drug Safety Center, Japan) was used as positive control.
This reference material induces a given level of cytotoxicity, and it is composed of a polyurethane
film containing 0.1% zinc diethyldithiocarbamate [29]. Cell wells and titanium grades 4 and 5 were
used as negative controls. All reference materials were prepared and treated in the same way as the
experimental samples.

2.2.2. Cell Culture and Conditions

L-929 mouse fibroblasts were obtained from the European Collection of Cell Culture, ECACC
(Salisbury, UK). Cells were cultured in cell culture medium under standard cell-cultured conditions.
Cells were passaged at around 80% confluency. As cell culture medium, minimum essential medium
(MEM) supplemented with 10% fetal bovine serum, penicillin/streptomycin (100 U/mL each) (all from
Life Technologies, Carlsbad, CA, USA) and 4 mM L-glutamine (Sigma-Aldrich, St. Louis, MO, USA)
was used at 37 ◦C, 5% CO2 and 95% humidity (further referred as cell culture conditions).

2.2.3. Extract Analysis

Extraction of the Biomaterials and the Reference Materials

For the cytotoxicity tests, the extract dilution method was used according to the respective DIN
ISO 10993-5/-12 norms. Test and control samples were extracted for 72 h at a surface to volume ratio
of 3 cm2/mL in cell culture medium under cell culture conditions. After extraction, extracts were
centrifuged and further utilized in the viability and toxicity assays.

Assay Procedure

A total of 100 µL of the extract was given to 96-well plates seeded with 1 × 104 L929 cells/well
in 100 µL cell culture medium. The wells were incubated under cell culture conditions for 24 h.
After 24 h, sodium 3,3′-[1(phenylamino)carbonyl]-3,4-tetrazolium]-3is(4-methoxy-6-nitro) benzene
sulfonic acid hydrate (XTT, Roche Diagnostics, Mannheim, Germany) assay, bromodeoxyuridine (BrdU,
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Roche Diagnostics, Mannheim, Germany) assay and lactate dehydrogenase (LDH, BioVision, Milpitas,
CA, USA) assay were conducted according to the manufacturer’s instructions.

2.2.4. Live-Dead Staining

For direct cell viability, all materials were seeded with 2.4 × 105 cells in 1 mL cell culture medium
in 12-well plates (surface-area/medium ratio: 5.65 cm2/mL) for 24 h under cell culture conditions.
Staining was achieved by adding 50 µL of the propidium iodide (PI) stock solution (2 mg PI in 1 mL
PBS) and 8 µL of the fluorescein diacetate (FDA) stock solution (5 mg FDA in 1 mL acetone) to each
well. After 3 min incubation time at room temperature, the test samples were rinsed with prewarmed
PBS and examined with an upright fluorescence microscope (Nikon ECLIPSE Ti-S/L100, Nikon GmbH,
Düsseldorf, Germany).

2.3. In Vivo Study

The in vivo study was conducted at the Faculty of Medicine (University of Niš, Niš, Serbia)
following a previously described protocol following authorization by the local ethical committee
(Faculty of Medicine, University of Niš, Niš, Serbia) on the basis of which the Veterinary Directorate
of the Ministry of Agriculture, Forestry and Water Management of the Republic of Serbia issued the
decision number 323-07-00278/2017-05/6 (Date: 13/07/2017) [2,5,6,21,22]. Thereby, the experimental
animals were housed using standard conditions, i.e., water ad libitum, artificial light and regular rat
pellets, in combination with standard pre- and postoperative care.

Briefly, the in vivo study was conducted using 30 female, 6–8 week-old BALB/c mice that were
obtained from the Military Medical Academy (Belgrade, Serbia). These experimental animals were
divided into three study groups with 10 animals per group and 5 animals per time point (n = 5), i.e.,
10 and 30 days. In brief, after anesthesia of the experimental animals by means of intraperitoneal
injection with 10 mL ketamine (50 mg/mL) combined with 1.6 mL xylazine (2%), the subscapular region
of the animals was initially shaved and disinfected. Subsequently, an incision was made, followed by
blunt preparation of a subcutaneous pocket in which the biomaterials were inserted. Finally, suturing
using a standard suture material was conducted.

The explantation included the initial euthanasia of the experimental animals by means of an
overdose of the previously described anesthetics. Afterward, the tissue within the implantation
area, including the (remnants of the) biomaterials and the peri-implant tissue, were removed
and directly inserted into fixation solution (4% formalin solution) for 24 h to be ready for further
histological preparation.

2.3.1. Histological and Immunohistochemical Staining Methods

Initially, dehydration by means of increasing alcohol concentrations and a final xylol treatment
followed by paraffin embedding was conducted. For further histological processing, sections with
a thickness of 3–5 µm were cut using a rotary microtome (SLEE, Mainz, Germany). Afterward,
the histochemical staining methods hematoxylin and eosin (H&E), Masson Goldner, Movat’s
pentachrome and Giemsa were applied on three consecutively taken sections. Immunohistochemical
detection of the M1- and M2-macrophage subforms was performed by means of antibodies
against the hemoglobin scavenger receptor (CD163) and the transcription factor “nuclear factor
kappa-light-chain-enhancer” (NF-kB). Workup and slide preparation were standardized in accordance
with previously published methods [2,5,6,21,22]. As a preparatory step for antigen demasking, slides
were treated with citrate buffer and Tris EDTA pH 8 buffer (Zytomed Systems, Berlin, Germany) for
20 min in a water bath at 96 ◦C, followed by equilibration and cooling down using TBS-T buffer.
To avoid irregular antibody binding, which leads to unspecific background staining, incubation with
blocking solution (Zytomed Systems, Berlin, Germany) was inserted before continuing with the
respective first antibody for 30 min. Final chromogenic detection was effected by incubation with the
secondary antibody (goat anti-rabbit IgG (H + L) secondary antibody, AP, Invitrogen, Carlsbad, CA,
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USA) and subsequent chromogen exposure with permanent AP-red chromogen (Zytomed Systems,
Berlin, Germany) for 10 min at room temperature. Afterward, counterstaining with diluted hematoxylin
(Merck KGaA, Darmstadt, Germany) and bluing was conducted.

2.3.2. Histopathological and Histomorphometric Analyses

The histopathological analysis was conducted based on a previously described protocol to
investigate the tissue-biomaterial-interactions by means of a light microscope (Axio.Scope.A1, Zeiss,
Oberkochen, Germany) [2,5,6,21,22]. These analyses focused on the evaluation of a variety of parameters
within the framework of the early and the late tissue response based on the DIN ISO 10993-6 norm
package. Microscopic images were made by means of a connected microscope camera (Axiocam 305
color, Zeiss, Oberkochen, Germany) in combination with a computer system running the ZEN Core 3.0
(Zeiss, Oberkochen, Germany) connected to the microscope.

The histomorphometric analyses were done to compare the occurrence of gas cavities within
the implantation beds of the membranes and the induction of M1- and M2-macrophages by the
three membranes as previously published [5]. In summary, the slides were initially digitized using
a specialized scanning microscope combined with an Axio.Scope.A1 microscope, an Axiocam 305
color digital camera, an automatic scanning table (Maerzhaeuser, Wetzlar, Germany) and a PC system
with the ZEN Core 3.0 software (all: Zeiss, Oberkochen, Germany). The measurement of the gas
cavities included the marking of the total implant area (TIA, in mm2) and the gas cavities (in mm2),
which were subsequently related to obtaining the percentage of the gas formation within the implant
beds of the membranes. Additionally, the amounts of the immunohistochemically detected pro-
and anti-inflammatory macrophages were related to the total implant area (cells/mm2) after their
manual counting.

2.3.3. Statistical Analyses

The statistical analysis included an analysis of variance (ANOVA) and a following LSD post hoc
test for a comparison of the data from the different study groups by means of the GraphPad Prism
8.1 software (GraphPad Software Inc., La Jolla, CA, USA). Statistical differences were designated
as significant if p-values were less than 0.05 (* p ≤ 0.05) and highly significant if p-values were
less than 0.01 (** p ≤ 0.01) or less than 0.001 (*** p ≤ 0.001). Finally, the data were displayed as
mean ± standard deviation.

3. Results

3.1. In Vitro Results

In the cytotoxicity tests, values < 130% of the medium control in the cytotoxicity assay (LDH) and
values > 70% of the medium control in the proliferation and cell differentiation assays (XTT, BrdU) are
within the nontoxic range according to ISO 10993-5:2009 (Figure 1) [5,29–31]. Thereby, both treated
and untreated magnesium membranes showed values outside these limits in all assays. The values of
both membranes more closely approximated the positive control than the other test samples. In both
the BrdU and XTT assay, the untreated membrane exhibited higher values than the passivated Mg
membrane. In the XTT assay, this difference was highly significant.



Biomedicines 2020, 8, 636 6 of 17Biomedicines 2020, 8, x FOR PEER REVIEW 6 of 18 

 
Figure 1. Cytocompatibility of both treated and untreated magnesium variants. Cytotoxicity was 
measured by LDH-assay; viability was measured by sodium 3,3′-[1(phenylamino)carbonyl]-3,4-
tetrazolium]-3is(4-methoxy-6-nitro) benzene sulfonic acid hydrate (XTT) assay, and proliferation was 
measured by bromodeoxyuridine (BrdU) assay. Means with error bars indicating standard 
deviations. The dotted line indicates thresholds that should not be exceeded (lactate dehydrogenase 
(LDH)) or fall below (XTT; BrdU) (*** p < 0.001). 

Figure 1. Cytocompatibility of both treated and untreated magnesium variants. Cytotoxicity was measured
by LDH-assay; viability was measured by sodium 3,3′-[1(phenylamino)carbonyl]-3,4-tetrazolium]-3is(4-
methoxy-6-nitro) benzene sulfonic acid hydrate (XTT) assay, and proliferation was measured by
bromodeoxyuridine (BrdU) assay. Means with error bars indicating standard deviations. The dotted
line indicates thresholds that should not be exceeded (lactate dehydrogenase (LDH)) or fall below (XTT;
BrdU) (*** p < 0.001).



Biomedicines 2020, 8, 636 7 of 17

In concordance with the extract results, live–dead staining revealed similar results (Figure 2). Here,
green-colored cells indicate living cells, whereas red-colored cells indicate dead cells. Both titanium
controls showed green cells with spindle-shaped cell morphology. In contrast, cells on the positive
control were red and rounded. The untreated Mg membrane showed mostly green, non-attached cells
and gas bubbles as a sign of active corrosion. In contrast, the treated Mg membrane exhibited mostly
dead cells, gas bubbles and dark discoloration.
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Figure 2. Live–dead staining of the test samples. Pure magnesium membrane = MG, coated magnesium
membrane = MG-Co. Green: vital cells; red: dead cells (scale bars = 100 µm).

3.2. Histopathological Analyses

The histopathological analysis showed that all membranes induced an inflammatory tissue reaction
at day 10 post implantation within their subcutaneous implantation beds (Figure 3). In addition to high
numbers of macrophages, higher numbers of (mostly eosinophilic) granulocytes and fibroblasts were
also detectable within the cell multilayers at the material–tissue interfaces (Figure 3). Especially in the
study group of the coated Mg-membranes, an accumulation of macrophages was observed directly
attached to the material surfaces at this early study time point (Figure 3). Moreover, single mast cells
were observable within the reactive cell walls, especially in the groups of both magnesium-based
barrier membranes (Figure 3). Furthermore, moderate numbers of blood vessels were especially
findable within the surrounding tissue of the pure MG membranes (Figure 3).

On day 30 post implantation, still, the aforementioned cell types were found within the implantation
beds of all three membrane types (Figure 3). Macrophages were still the dominating cell type within
the surrounding tissue at this time point, while also lower numbers of fibroblasts as well as single
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(eosinophilic) granulocytes and mast cells were detectable (Figure 3). Moreover, moderate numbers
of vessels were especially found in the study groups of the magnesium-based membranes in the
neighborhood of the material surfaces (Figure 3)
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Figure 3. Exemplary histological images of the tissue reactions to the three different membrane
types, i.e., the pure magnesium membrane (MG) (A,B), the coated magnesium membrane (MG-Co)
(C,D) and the collagen membrane (Coll) (E,F), within the subcutaneous connective tissue (CT) at
day 10 and 30 post implantation. Red asterisks = reactive cell multilayer at the material surfaces,
white arrows = macrophages, yellow arrows = eosinophils, purple arrows = fibroblasts, green arrows
= mast cells, red arrows = blood vessels (Giemsa staining, 400×magnification, scale bars = 10 µm).

The histopathological analysis of the occurrence of anti-inflammatory CD163-positive cells revealed
that comparable numbers were detectable in the study groups of the pure MG membrane and the
collagen membrane at day 10 post implantation (Figure 4). In the group of the coated MG membrane,
lower numbers of this macrophage subtype were detectable at this early time point (Figure 4).

At day 30 post implantation, the histopathological analysis revealed that comparable numbers of
CD163-positive macrophages were observable in all study groups (Figure 4). Thereby, tendentially
lower numbers of anti-inflammatory macrophages were detected in the group of the collagen membrane
(Figure 4).
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Figure 4. Exemplary histological images of anti-inflammatory (CD163-positive) macrophages (white
arrows) within the implant beds of the different membranes, i.e., the pure magnesium membrane
(MG) (A,B), the coated magnesium membrane (MG-Co) (C,D) and the collagen membrane (Coll) (E,F).
CT = connective tissue (CD163 immunostainings, 400×magnification, scale bars = 10 µm).

The histopathological analysis of the occurrence of pro-inflammatory NF-κB-positive cells showed
that comparable numbers of this macrophage subtype were observable in the study groups of the pure
MG membrane and the collagen membrane at day 10 post implantation, while lower numbers were
detectable in the group of the coated MG membrane were detectable at this study time point (Figure 5).

The histopathological analysis revealed that comparable numbers of CD163-positive macrophages
were still observable in all study groups at day 30 post implantation (Figure 5). Thereby, tendentially
lower numbers of anti-inflammatory macrophages were still observed in the collagen membrane group
(Figure 5).
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Figure 5. Exemplary histological images of pro-inflammatory (NF-κB-positive) macrophages (white
arrows) within the implant beds of the different membranes, i.e., the pure magnesium membrane
(MG) (A,B), the coated magnesium membrane (MG-Co) (C,D) and the collagen membrane (Coll) (E,F).
CT = connective tissue (NF-κB immunostainings, 400×magnification, scale bars = 10 µm).

3.3. Histomorphometric Analyses

The histomorphometric analysis of the formation of gas cavities within the implant beds of the
pure (MG) and the coated magnesium membranes (MG-Co) showed that comparable values were
found at day 10 post implantation (MG: 7.16 ± 2.57%, MG-Co: 12.79 ± 2.98%), while the values in
the MG-Co group were tendentially higher (Figure 4). At day 30 post implantation, also comparable
values were found in both study groups (MG: 7.37 ± 3.27%, MG-Co: 7.29 ± 4.43%) (Figure 6).
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Figure 6. Histomorphometric results of the gas cavity formation in case of the analyzed magnesium-
based membranes.

The histomorphometric analysis of the occurrence of the macrophage subtypes showed that
comparable numbers of CD163-positive macrophages were found in the study groups of the pure
MG membrane and the collagen membrane at day 10 post implantation, while lower numbers were
found in the study group of the coated MG membrane at this early time point (Table 1 and Figure 7).
Thereby, the numbers in the group of the coated MG membrane differed significantly compared to
the numbers in the group of the collagen membrane (* p < 0.05), while no significant differences were
found compared to the numbers in the group of the pure MG membrane (Table 1 and Figure 5). At this
time point, the numbers of the NF-κB-positive cells did not significantly differ in all study groups
(Table 1 and Figure 7). However, the lowest numbers were found in the group of the collagen membrane,
while the numbers in the groups of both magnesium-based membranes were at a comparable level
(Table 1 and Figure 7).

On day 30 post implantation, the histomorphometric analysis showed that the numbers of
both the CD163-positive and the NF-κB-positive macrophages were comparable in all study groups,
while tendentially lower numbers of pro- and anti-inflammatory macrophages were detected in the
collagen membrane group (Table 1 and Figure 7).

Table 1. Occurrence of pro- and anti-inflammatory macrophages in the three study groups (cells/mm2).

Time Point
MG Membrane Coated MG Membrane Collagen Membrane

CD163 NF-κB CD163 NF-κB CD163 NF-κB

Day 10 365.9 ± 67.75 396.6 ± 157.3 108.2 ± 32.84 386.6 ± 175.4 466.4 ± 190.3 137.9 ± 62.04

Day 30 351.3 ± 167.4 302.9 ± 45.54 310.1 ± 200.8 391.5 ± 159.4 186.5 ± 104.3 120.9 ± 85.64
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Figure 7. Histomorphometric results of the immune response, i.e., the detection of anti- (CD163 antigen)
and pro-inflammatory macrophages (NF-κB antigen) at day 10 and day 30 post implantationem
(separated by the dotted line) (* p < 0.05).

4. Discussion

Bioresorbable membranes are the emerging alternative to non-resorbable membranes in the
field of dentistry, especially in periodontal regenerative procedures, including guided bone or
tissue regeneration (GBR/GTR) cases. Thereby, this membrane entity could also be used for other
surgical specialties. Clinical relevance of biocompatible materials has gained importance from the
clinicians as well as patients’ point of view in order to avoid additional surgical interventions as
well as the reassurance of the usage of the human body’s degradable materials. Even collagen-based
barrier membranes are nowadays mainly used for most of the oral standard defects representing
successful and biocompatible medical devices [2,5,6,32,33]. However, they do not present the degree
of volume stability that is required for multidimensional jaw defects [2,5,6,32,33]. In these cases
still, nonresorbable membranes based on compounds like dense polytetrafluoroethylene (dPTFE)
or expanded polytetrafluoroethylene (e-PTFE) in combination with titanium meshes as so-called
titanium-reinforced PTFE membranes are the materials of choice, although their application requires
a second surgical intervention with a variety of related side effects [4]. Thus, the development of
resorbable volume-stable membranes is of special interest.

Among different other chemical compounds, Mg has been shown to constitute a favorable
biomaterial for the development of stabilizing structures due to its satisfying biocompatibility,
biodegradability and mechanical properties [5]. Furthermore, the combination of a magnesium
mesh embedded in a native collagen membrane allows volume-stable interventions and complete
biodegradation. Interestingly, previous studies confirmed the high level of biocompatibility with
minimal inflammation, as well as the ability to support bone regeneration.
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In this context, it has already been revealed that the combination of a magnesium mesh embedded
in a native collagen membrane allows volume-stable interventions and complete biodegradation [5].
In this study, a hydrofluoric acid (HF)-treatment was analyzed that should prevent premature
Mg degradation. The in vitro results of this study showed that the HF-treated Mg showed higher
cytocompatibility, and HF-Mg prevented in vivo the formation of gas cavities. Thus, the HF-Mg
meshes embedded in native collagen membranes were classified as a volume stable and biocompatible
alternative to the non-absorbable synthetic materials.

In the present study, a new approach called ion implantation (II) with PVD coating was used
for the passivation of Mg. In order to demonstrate comprehensive biocompatibility and successful
passivation of the Mg membranes, untreated Mg (MG) and coated Mg (MG-Co) were investigated
in vitro and in vivo. Thereby, in vitro tests were accomplished in accordance with EN ISO 10993-5/-12
regulations. In vivo, both membrane types were implanted using a manifoldly described subcutaneous
implantation model in BALB/c mice for up to 30 days post implantation [2,5,6,21,22]. Furthermore,
established histological, histopathological and histomorphometric analysis methods were applied that
included the investigation of the M1-/M2-macrophage response to the biomaterial [5,21,22]. Both an
uncoated Mg-based membrane and a collagen membrane (Jason membrane) with a previously described
excellent biocompatibility were used as controls [5]. It must be noted that such studies, including
the different steps of biomaterial testing in accordance with the development process following the
respective guidelines, are of great importance prior to clinical trials. Especially studies analyzing
material characteristics and preclinical studies allow examining the influence of (new) biomaterials on
disease progression [34,35]. In this context, they also help to clarify the molecular basis of biomaterial
applications [36–38].

In vitro, both membrane entities showed poor cytocompatibility with signs of massive gas bubble
formation. In comparison, MG-Co showed inferior values than MG. Gas bubbles can be interpreted as a
sign of degradation, which has been shown in previous publications [30,31]. However, the passivation
seems to be an even triggering factor for degradation and the PVD coating was visible as black
discoloration in the live–dead staining. The black discoloration can be attributed to the coating method.
It is reasonable to assume that the layer is not stable in an aqueous environment and does not have a
stabilizing effect in the form of slowed down degradation.

The results of the histopathological analysis showed that all membranes induced an inflammatory
tissue reaction. The cells were mainly macrophages in addition to lower numbers of granulocytes and
fibroblasts within the subcutaneous implantation beds. Interestingly, the MG-Co induced the highest
extent of inflammation, including mainly macrophages directly attached to the material surfaces at
this time point. The uncoated Mg-membrane induced a moderate level of inflammation, while the
implantation of the collagen membrane was associated with the lowest level of inflammatory tissue
response. In this context, it is known that collagen-based membranes show excellent biocompatibility
without induction of major inflammatory responses [2,5,32]. Furthermore, it has already been revealed
in different preclinical and clinical studies that the pericardium-based membrane used in the present
study as a control device induces a tissue response that leads to the integration of the material involving
even the cells of the collagen metabolism and also to a balanced M1-/M2-macrophage ratio needed for
tissue regeneration in contrast to an inflammation-driven degradation [2,6,39].

Interestingly, these findings of poor cytocompatibility, the higher inflammatory response and
the macrophage accumulation at the material surfaces indicate the involvement of the applied
PVD coating in this process. It can be concluded that the induced macrophages contribute to the
phagocytosis-driven degradation of the surface coating, as also found in the case of the aforementioned
HF-treated Mg-membrane [5]. In this study, also an accumulation of macrophages in the group of
the coated membranes was detected, and it was concluded that the HF-induced magnesium fluoride
MgF2-layer was also phagocyted by macrophages in contrast to the pure Mg-meshes that induced only
slight fibrosis, which has shown not to interfere with regenerative bone growth in a new study, but to
serve as an osteoconductive scaffold (publication submitted).
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Moreover, these findings are in line with further results in the present study. Thus,
the histomorphometric data of the macrophage distribution revealed that the collagen membrane
induced the highest numbers of CD163-positive M2-macrophages and the lowest numbers of
NF-κB-positive M1-macrophages at day 10 post implantation. In contrast, the lowest numbers
of M2-macrophages were found in the group of MG-Co, while the pure Mg-membrane induced a
tissue response including a balanced number of M1- and M2-macrophages at this early time point.
Furthermore, the analysis showed a trend towards a more pronounced M2-response in the groups of
the collagen membrane and the pure MG-membrane at day 30 post implantation, while a trend towards
a pro-inflammatory response was still visible in the MG-Co group. Altogether, these results reveal
that the decreased the biocompatibility of the MG-Co membrane. However, the results furthermore
show the good biocompatibility of the MG membrane as it induces similar results as also found in the
collagen membrane group.

Finally, the histomorphometric analysis of the gas formation showed that the gas cavities occupied
around 13% of the implant bed areas in the group of the MG-Co in contrast to around 7% in the
group of the untreated Mg-membrane without significant differences at day 10 post implantation.
However, no further differences were found at day 30 post implantation. Thus, in concordance with
the in vitro results, the PVD coating seems to increase the degradation of the Mg-membrane instead
of preventing the (initial) gas formation based on its absorbability of the H2 gas resulting from the
membrane degradation. This observation may also be resulting from the observed higher immune
response, including mainly pro-inflammatory macrophages, as this cell type is known for its phagocytic
activity [6,22,23,33]. In this context, it is assumable that the higher macrophage accumulation, even in
the case of MG-Co, led to increased degradation of the coating that had only a thickness of around
2 µm. Thus, the loss of the coating might have been led to the accelerated gas release.

Although the results of the present study show different tissue responses to the newly developed
PVD coated Mg-membrane based on standardized research methods, it includes different limitations.
First, the results of in vitro tests are limited as only standard methods based on ISO 10993-5/-12
were applied. In this context, the hydrogen release and the related (micro-) milieu conditions need
to be applied, including special adaptions for the testing of Mg materials as already described by
Jung et al. [29,30]. Furthermore, different other in vitro analysis approaches, such as innovative test
setup, i.e., for example, CAD-CAM-based standardized sample models with equal shape and size,
may provide deeper insights into cell-biomaterial interactions and improve the development of
biomaterials already from this preclinical level [40].

Additionally, the implantation model, even in mice, is only used to show a general trend regarding
the biocompatibility of a biomaterial. However, it cannot display the tissue reactions within the “target
tissue”, i.e., the soft tissue of the oral cavity and the neighborhood to the underlying bone defect. Thus,
it is assumable, especially the gas cavity formation differs after implantation within the oral cavity of
larger animals like dogs or even in humans. This assumption is based on the fact that (a) hydrogen
molecules can easily penetrate all tissue structures and quickly spread throughout the body due to
their small atomic mass [30,31,41–43]. Furthermore, hydrogen gas is soluble in both water and fat
at the same time [30,31,41–43]. These properties may ensure that the molecules can also penetrate
fat layers or cell membranes and thus into fluid-filled cells. Additionally, the vascularization and
hemodynamic, but also the tissue perfusion is higher, which should also lead to faster removal of the
hydrogen gas. Furthermore, the counting of the M1- and M2-macrophages does not allow for the exact
quantification of the immune response to a biomaterial and is thus only an initial indicator to assess
the general material-related tissue response. For this purpose, specialized analysis methods, such as
laser-assisted cell microdissection that enables the measurement of cytokine release from single cells,
are more adequate tools for biomaterial research and development [44].

Taken together, the results of the present study revealed that the coated magnesium membranes did
not show a significant benefit over the pure magnesium membrane. Furthermore, the additional PVD
coating did not prevent gas formation but rather shows an acceleration. The pure magnesium
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membranes seem to represent a promising alternative compared to the actual generation of
nonresorbable volume stable materials for GBR/GTR therapy. The present study showed that the pure
magnesium membranes fulfill the requirements for biocompatibility even due to the comparability of
the integration behavior of the collagen membrane.

5. Conclusions

Magnesium membranes represent a promising alternative compared to the nonresorbable volume
of stable materials for GBR/GTR therapy. The present study showed that both the untreated and
PVD-coated membranes were not cytocompatible, but the pure magnesium membranes fulfill the
requirements for biocompatibility even due to the comparability of the integration behavior and the
immune response of the collagen membrane. Interestingly, the PVD coating did not have a positive
influence on the gas cavity formation or the improvement of the immune response compared to the
uncoated membrane. Thus, the present study revealed that the pure magnesium membranes fulfill
the requirements for biocompatibility and seem to represent a promising alternative compared to the
actual generation of nonresorbable volume stable materials for GBR/GTR therapy.
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