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A B S T R A C T   

Artificial bone grafting materials such as collagen are gaining interest due to the ease of production and implantation. However, collagen must be supplemented with 
additional coating materials for improved osteointegration. Here, we report room-temperature atomic layer deposition (ALD) of MgO, a novel method to coat 
collagen membranes with MgO. Characterization techniques such as X-ray photoelectron spectroscopy, Raman spectroscopy, and electron beam dispersion mapping 
confirm the chemical nature of the film. Scanning electron and atomic force microscopies show the surface topography and morphology of the collagen fibers were 
not altered during the ALD of MgO. Slow release of magnesium ions promotes bone growth, and we show the deposited MgO film leaches trace amounts of Mg when 
incubated in phosphate-buffered saline at 37 ◦C. The coated collagen membrane had a superhydrophilic surface immediately after the deposition of MgO. The film 
was not toxic to human cells and demonstrated antibacterial properties against bacterial biofilms. Furthermore, in vivo studies performed on calvaria rats showed 
MgO-coated membranes (200 and 500 ALD) elicit a higher inflammatory response, leading to an increase in angiogenesis and a greater bone formation, mainly for 
Col-MgO500, compared to uncoated collagen. Based on the characterization of the MgO film and in vitro and in vivo data, the MgO-coated collagen membranes are 
excellent candidates for guided bone regeneration.   

1. Introduction 

Stimulation of healing of fractured bones is one of the most critical 
aspects of orthopedic surgery. Bone grafts are used to cure fractured 
bones by providing structural stability and linkage and stimulating 
osteogenesis [1]. Typically, a bone grafting material is defined as an 
implant material that, alone or in association with another material, 
promotes bone healing via osteogenic, osteoconductive, or osteoinduc-
tive activities at the implantation site [2]. Such materials are broadly 
classified into four categories: autograft, allograft, xenograft, and syn-
thetic bone grafts. Out of these four, autografts are bone tissue materials 

harvested from the host body to be used on the same host and are 
osteogenic (viable cells), osteoinductive (matrix proteins), and osteo-
conductive (bone matrix). The use of autografts is limited due to the 
difficulty in harvesting. None of the remaining three has osteogenic 
properties, but good osteoconductive and osteoinductive properties may 
be expected depending on the material used and the type of application. 

Collagen is abundant in animals and is an integral part of the bone, 
cartilage, skin, and tendon in humans [3]. Processed bovine collagen is 
biocompatible and used as xenografts in the form of gel, powder, 
sponge, paper, or matrices for several bone tissue engineering applica-
tions [2]. Type I collagen is one of the main constituents of the bone and 
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constitutes the natural scaffold. Commercially available collagen usually 
contains a mix of type I and III and has a bilayer structure [4]. Usually, 
collagen scaffolds or constructs are used in bone implants. However, 
collagen by itself suffers from delayed and insufficient osteointegration 
[5] and has poor mechanical strength and low fibrillar density [6]. To 
improve the osteointegration of collagen, collagen composites with 
hydroxyapatite were prepared [7]. Other techniques include incorpo-
rating bioactive glass [8] and surface coating using inorganic materials 
[9,10]. Surface coating was preferred due to the ease of implementation 
as a post-production technique. 

Coating the surface with a thin film of inorganic materials can be 
done using different methods broadly categorized as liquid and vapor 
phase deposition methods. Out of which physical vapor deposition 
(PVD) and chemical vapor deposition (CVD) belong to vapor phase- 
based deposition techniques [11]. Liquid phase methods can involve 
processes like sol-gel [12,13], spin coating [14,15], and successive ionic 
layer adsorption and reaction (SILAR) [16] among others. 

One of the disadvantages of using liquid phase deposition methods, 
in the case of collagen, is the exposure to solvents that can have an 
irreversible effect on its matrix [17–19]. Furthermore, these methods 
usually require drying at temperatures higher than 100 ◦C [14–16] to 
remove solvents, which can further degrade collagen substrate. Due to 
these limitations with liquid-based methods, vapor phase deposition 
methods were considered. 

Out of the two, PVD typically requires high processing temperature 
and is not suitable for coating complex structures [20]. There have been 
many advances in PVD techniques, such as ion-beam assisted deposition 
(IBAD) [21,22] and RF sputtering [23], to allow lower deposition tem-
peratures, but these usually involve the use of high energy sources which 
might damage the collagen structure [24,25]. In fact, IBAD of MgO has 
also been reported at room temperature on glass(SiO2) substrates [22], 
however due to the well-documented damage ion beams can have on 
organic matter, it was not considered suitable. CVD also requires tem-
perature higher than room-temperature and such processes are usually 
performed at 500–1100 ◦C [26]. Atomic layer deposition (ALD) is a 
superior version of CVD that deposits ultra-thin layers of metal or metal 
oxides that are conformal, uniform, and pin-hole free [11]. Recently, 
ALD has been used as a surface modification technique to functionalize 
dental implants for better osteointegration [20]. ALD typically requires 
150–300 ◦C as the reaction temperature, but the literature includes 
many recent studies that achieved ALD films at a lower temperature 
[26–29]. This enables the use of temperature-sensitive materials such as 
collagen as the substrate, and the deposition of titania thin films at room 
temperature via ALD was previously reported by our group [30]. The 
deposited film was bioactive and enhanced the collagen material’s 
biocompatibility by making it osteophilic [9]. However, all the metal 
and metal alloy-based implants show stress-shielding effects due to large 
differences in modulus of elasticity between the implant and that of the 
bone, and these materials must be removed via retrieval surgery [31]. 

Recently, Magnesium and magnesium alloy-based implants have 
attracted much attention because Mg can degrade in biological envi-
ronments which eliminates the need for implant removal. Due to the 
corrosion of Mg implants in the presence of body fluids, Mg2+ ions are 
released, which promotes bone growth [32,33]. Magnesium is one of the 
essential micronutrients for the human body, being approximately 1% in 
the extracellular compartment, 50–60% in the bones, and around 
30–35% in the intracellular compartment. Mg2+ ions enhance osteoblast 
and osteoclast activities, representing key co-factors for several enzy-
matic reactions in bone metabolism [34]. Zhang et al. fabricated 
hydrogels incorporated with Mg2+ and their study indicated that the 
modified hydrogels stimulate the osteogenic differentiation of Bone 
Mesenchymal Stem Cells and promotes angiogenesis [35]. Mg degra-
dation led to the release of Mg2+ ions to surrounding tissue which 
resulted in the stimulation of local cells to promote bone growth due to 
the overall rate of seeded calcium phosphate crystallization, and the 
subsequent growth of hydroxyapatite [36,37], and significant increase 

in calcitonin gene-related polypeptide-α in bone fracture healing [38]. 
Another study also reported that Mg activates calcium ion channels on 
cells membrane and promote calcium deposition [39]. 

In the intracellular environment, Mg2+ cations are responsible for 
regulating various functions of cell signaling, cell growth, metabolism, 
and proliferation, thus being able to promote the differentiation of un-
differentiated mesenchymal cells into osteoblasts, favoring bone neo-
formation [31–33]. 

Guided bone regeneration (GBR) is a principle to use a barrier to 
insulate the soft tissue flap from the tridimensional bone defects. Thus, a 
closed environment is formed allowing enough cells to the reconstructed 
area [7,8]. The barrier membranes should present favorable mechanical 
and biological properties, mainly biocompatibility, bioactive, tissue 
selectivity and antibacterial behavior [7]. Regarding the bioactivity 
property, it is related to osteogenic capacity of membranes. Recently, to 
improve the osteopromotive property of membranes in GBR, in vitro and 
in vivo studies have been adding some inorganic particles, growth fac-
tors, bone morphogenetic protein, and also biodegradable materials, 
such as Mg [9–11,20,26,27]. 

However, magnesium implants suffer from accelerated corrosion and 
release excess hydrogen gas as a toxic byproduct to the surrounding 
tissues. Excess corrosion leads to wear, bone loss, and implant failure 
[31,40,41]. Several fabrication techniques, alteration of alloying com-
ponents, and surface modification of the Mg alloys have been attempted 
to reduce the corrosion rate [31,40,42]. The presence of secondary 
phases, larger grains, and non-uniform microstructure of the Mg alloys 
were found to be the contributing factors toward higher corrosion rate 
[43]. In this study, for the first time, magnesium oxide was deposited on 
collagen via ALD at room temperature. ALD of MgO at temperatures 
higher than room temperature on metal substrates was reported in the 
literature before [44,45]. We report the deposition of conformal, uni-
form, and amorphous magnesium oxide films on collagen with a high 
growth rate (~1.2 Å/cycle, measured on silicon) and the growth rate of 
magnesium oxide remained unchanged when the reaction temperature 
was lowered down to room temperature from 200 ◦C. In our study, 200 
proof ethanol was used as an oxidizer due to the high reactivity of water 
with Magnesium and magnesium oxide [46][Ref from Soumya]. 
Furthermore, the use of water was not employed due to the effect of 
water in high vacuum systems, especially when at room temperature. 
Due to its negative Joule Thompson coefficient at room temperatures 
[47], water tends to stick to the walls of the ALD reactor which can lead 
to longer residence times and concomitant CVD [48]. Due to these dis-
advantages, water wasn’t preferred for a low temperature ALD process. 
Our in vivo and in vitro data show that the MgO-coated collagen mem-
branes possess osteoconductive and osteopromotive properties and can 
be excellent candidates for bone graft applications. Furthermore, the 
MgO coating is not cytotoxic and is shown to possess excellent anti-
bacterial properties, generating cellular alterations in the bacteria, such 
as vacuolation, loss of contact and cell lysis, thus reducing the formation 
and adhesion of biofilms [49]. 

2. Materials and methods 

2.1. ALD set up 

Magnesium oxide was deposited using ALD in a patented custom- 
built hot wall reactor, and its early design was described in a previous 
article [50]. The ALD system has four precursor delivery lines and 1-s 
reactant delivery line (Fig. 1A); however, only one precursor line and 
the second reactant delivery lines were used for this project. The 
hot-wall ALD reactor is located downstream of the delivery lines. Bis 
(ethylcyclopentadienyl)magnesium (BECM), purchased from STREM 
Chemicals was used as the magnesium precursor. BECM was kept in a 
sealed metal bubbler and was heated to 50 ◦C to reach the required 
vapor pressure for ALD. Ar (99.99% Ar, Praxair) was used as the carrier 
gas for the precursor, which carried the precursor molecules to the 
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reactor in a flow-through manner at a flow rate of ~30 sccm. All delivery 
lines were kept at a higher temperature (70–80 ◦C) to prevent conden-
sation of the precursor molecules. Anhydrous ethanol (200 proof, Decon 
Labs #2716) was used as the co-reactant and was supplied to the reactor 
using N2 (99.99%, Praxair). Ethanol was kept in a sealed jacketed glass 
bubbler at room temperature for all experiments while N2 was flowing 
through the bubbler. The approximate flow rate of N2 mixed with 
ethanol vapor was 80 sccm upstream from the reactor. The collagen 
samples were cut into 2 × 2 cm2 or smaller pieces and loaded on the 
quartz tube sample holder using a metal mesh. Details of collagen 
sample loading inside the reactor were described elsewhere [51]. Silicon 
wafers cut into ~1.5 × 1.5 cm2 pieces were used as control during an 
ALD run. ALD was performed with 3 s of precursor pulsing followed by 
20 s of Ar purging and 10 s of ethanol pulsing followed by 40 s of Ar 
purging for each cycle. Collagen samples were obtained from Zimmer 
under the brand BioMend® and BioMend® Extend™. Silicon substrates 
were <100>, p-type, highly doped, with resistivities of 1–5 Ω-cm 
(WaferPro, C04007). The ALD process was performed at ~450 mTorr 
pressure. Initially, the ALD was performed on Si samples at 200 ◦C, and 
the temperature was slowly decreased to room temperature. The 
ambient lab temperature was maintained at 25 ◦C. The deposition of 
MgO was checked at multiple temperature points, and it was found to be 
consistent at 1.2 Å/cycle over the range of 25–200 ◦C, irrespective of the 
selected temperature (Fig. 1B). 

2.2. Characterization of the deposited MgO 

Spectral ellipsometry (SE) (Model: M − 44, J.A. Woollam Co.) was 
used to measure the thickness of the MgO films deposited on Si. SE on 
collagen was ineffective as most of the incident light was absorbed by 
collagen, and the amount of transmitted light was below the detection 
limit. The MgO SE model was prepared using the materials files by 
comparing the goodness of fit between the experimental and the 
generated data. A Cauchy model was used to read MgO on Si that had 
thicknesses of Si and native SiO2 added as layer 0 and layer 1, respec-
tively. MgO was added as layer 2 from the J.A. Woollam materials files, 
and the thickness was determined for each sample by introducing 
polarized light at an incidence angle of 75◦. 

High-resolution scanning electron microscopy (SEM) was performed 
using Hitachi S4800 at × 35,000–40,000 magnification. Energy 
dispersive spectroscopy (EDS) was performed using Oxford’s Ultim Max 
100 mm2 large-area silicon drift detector in the same instrument. Images 
were collected and processed using the bundled software. 

Transmission electron microscopy (TEM) and scanning transmission 

electron microscopy with energy dispersive spectroscopy (STEM-EDS) 
elemental analyses of MgO deposited collagen fiber were performed 
using aberration-corrected JEOL ARM200CF atomic resolution (200 kV) 
scanning transmission electron microscope. The sample suspension was 
obtained by scratching a top layer of MgO thin film deposited on 
collagen fibers using a surgical scalpel, followed by dispersing in an 
isopropyl alcohol solvent and sonicating for 10 min 2 μL solution sus-
pension of dispersed MgO deposited collagen fibers were drop casted on 
lacey carbon-coated copper TEM grid for STEM-EDS analysis. STEM-EDS 
analysis of collagen fibers was performed at 5X probe size, and 
elemental spectra were obtained using the Oxford EDS system tuned 
with a drift corrector and 5 μs acquisition time per pixel. High-angle 
annular dark field (HAADF)-STEM image was acquired using 512 ×
512 pixels scanning resolution with a 22 mrad convergence angle. 

Atomic force microscopy (AFM) (Model: Alpha300 RA, WITec) was 
performed on samples over a 15 × 15 μm area to determine topography. 
The software Gwyddion [52] was used to analyze the AFM data. Mean 
roughness (Sa), which corresponds to the irregularities in heights on the 
surface and the one-dimensional roughness parameter, root mean 
square roughness (Rq: the average of measured height deviations from 
the mean along the line of measurement) were determined using the 
tools provided by the software. The same instrument was used to 
perform Raman spectroscopy, and the magnesium peaks were identified 
in the spectra. 

X-ray photoelectron spectroscopy (XPS) was performed on MgO- 
coated collagen substrates for elemental analysis. However, high- 
resolution scans around Mg 2p on collagen were also performed. Kra-
tos AXIS-165, Kratos Analytical Ltd. was used for XPS analysis with a 
monochromatic Al Kα X-ray source. Survey scans were performed with a 
dwell time of 100 ms, an emission current of 15 mA, a pass energy of 80 
eV, and a step size of 1 eV. The parameters were changed to a dwell time 
of 800 ms, a pass energy of 20 eV, and a step size of 0.1 eV for the high- 
resolution scans. The electron emission angle was always kept at 90◦ for 
all XPS scans performed. The ‘spot size’ or the size of the analyzed area 
was 1150 × 700 μm. Pressure in the X-ray acquisition chamber was <5 
× 10− 10 torr with the X-ray off and <8 × 10− 9 torr with the X-ray on. 
The peaks were identified and annotated using CasaXPS [53]. 

The tensile strength of collagen control and MgO-coated membranes 
was tested using a motorized tensiometer (Mark-10, Copiague, NY). The 
tensiometer had a range of 0–5 lbf (0–22.24 N) with a resolution of 
0.002 lbf (0.009 N). The collagen control and as-deposited samples were 
cut into strips of 2.5 mm × 15 mm and clamped in the tensiometer jaws 
using thumbscrews. The distance between the clamps was kept at a 
constant value of 5 mm. The thin strips were then stretched at a constant 

Fig. 1. Schematic drawing of the ALD system used and optimization of reaction temperature. A) Schematic of the custom ALD system show all four precursor 
delivery lines and the ethanol delivery line. Only one precursor delivery line was used for this project. B) Variation of the deposition rate of MgO with temperature 
over the range of 25–200 ◦C on Si. The plot shows the deposition rate remained consistent even at room temperature, provided all other ALD parameters 
were unchanged. 
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rate of 150 mm/min until tearing occurred. The load required to tear the 
membrane was then converted to tensile strength using equation (1) 
where an average thickness of 0.2 mm measured using a micron-gauge 
(Mitutoyo America Corp., Aurora, IL) was used, 

σ =
F

C.S.A
(1)  

where, σ = Tensile strength (MPa), F = Tearing load (N) C.S.A = cross 
sectional area (mm2). 

Inductively coupled plasma mass spectroscopy (ICP-MS) was per-
formed on non-coated (control) and MgO-coated collagen samples using 
NexION 350D (PerkinElmer Inc.). The samples were subjected to acid 
digestion to determine the amount of Mg on the coated samples. The 
control and coated samples were incubated in phosphate-buffered saline 
(PBS) solution for 1, 2, and 4 weeks at 37 ◦C, and the extracts were 
analyzed via ICP-MS to observe the rate of leeching of Mg2+ ions into the 
solution over each time period chosen. 

2.3. Assessment of anti-bacterial property, WCA and cell viability of the 
MgO-coated membranes 

The antibacterial activity of Mg-loaded membranes was tested 
against polymicrobial biofilm from human saliva, following a previous 
protocol [54]. For this, a pool of fresh stimulated human saliva from 
three healthy donors was used as a microbial inoculum to mimic the 
human oral microbiome [55,56]. All protocols were reviewed and 
approved by the University Research and Ethics Committee (protocol 
86638918.0.0000.5418). Initially, samples (∅ 5 mm; 2 independent 
experiments, n = 3/experiment) were cleaned by UV-light (4 W, λ = 280 
nm, Osram Ltd., Berlin, Germany) for 20 min. Then, samples [Col 
(control); Col-MgO200 and Col-MgO500 (experimental)] were incu-
bated with the salivary microbial inoculum (~107 cells/mL) in the BHI 
medium (Becton-Dickinson, Sparks, MD, USA) (10:1 v/v) for 2 h to 
promote initial microbial adhesion at 37 ◦C with 10% CO2. At the same 
time, samples (n = 6 per group) were also incubated in BHI medium +
saliva inoculum for 24 h at 37 ◦C with 10% CO2. Finally, the samples 
were transferred to cryogenic tubes with 1 mL of 0.9% NaCl, vortexed 
for 10 s, and then sonicated (7 W for 30 s) (S 150D, Branson Ultrasonics 
Corp., Danbury, CT) to detach cells from the surface. An aliquot of 100 
μL of the sonicated suspension was sequentially diluted 6-fold in 0.9% 
NaCl. Two drops of 20 μL of each dilution were plated on Columbia 
Blood Agar (CBA) for the colony-forming unit (CFU) counts. Data of CFU 
were normalized from the control group, which was set to 100%, to 
reduce the effect of differences in biofilm accumulation among the 
samples [57]. SEM was performed to analyze the structure of the poly-
imicrobial biofilms formed on the Col, Col-MgO200, and Col-MgO500 
surfaces (n = 1 per group). The biofilm was fixed in Karnovsky’s fixa-
tion solution (2% formaldehyde, 2.5% glutaraldehyde, 0.1 M sodium 
phosphate buffer; pH 7.2) for 2 h. Next, the samples were serially 
dehydrated in ethanol washes and then allowed to dry. (37) Finally, the 
samples were gold-sputtered and visualized by SEM (JSM5600LV, JEOL 
USA, Inc., Peabody, MA) operating at 15 kV [58]. 

The wetting behavior of the MgO coating was analyzed using a static 
water droplet contact angle (WCA) measurement method using a con-
tact angle goniometer (Model 100− 00, Ramé-Hart Instrument Co.) WCA 
measurements were taken immediately after ALD and after 14 days post 
deposition. 

For cell proliferation assay, a total of 103 human telomerase 
immortalized gingival keratinocytes (TIGK, ATCC, Manassas, VA) per 
well were seeded in a 96-well plate with or without 6 mm in diameter 
Col (control), Col-MgO200, and Col-MgO500 membranes in 200 μl 
serum-free culture medium (DermaLife K Medium Complete Kit, Lifeline 
Cell Technology) with antibiotics of penicillin (100U/ml) and strepto-
mycin (100μ/ml). Before plating the cells on the membranes, each side 
of the membranes was sterilized by radiation under the UV for 60 min in 

a Bio Safety Cabinet. Cells were cultured in an incubator at 37 ◦C in a 5% 
CO2 environment. A cell proliferation assay on days 1 and 5 was per-
formed using a colorimetric MTS Assay Kit (Abcam, Waltham, MA). 
Briefly, 20 μl of MST solution was added to each well on days 1 and 5. 
The optical density (OD) at 490 nm was read using a spectrophotometer 
(SPECTRAmax Plus, Molecular Devices, San Jose, CA) after 1-h 
incubation. 

2.4. In vivo analysis of the MgO-coated membranes 

2.4.1. Ethics statement 
This study was approved by the ethical committee for the use of 

animals from the São Paulo State University (UNESP), School of 
Dentistry, Aracatuba – SP, Brazil (Protocol number: 0646–2022), which 
followed the ARRIVE guidelines in animal studies [59]. Thirty-nine 
Wistar rats (Rattus norvegicus), ranging from 250 to 300 g of weight, 
male and adult (six months of age), were selected for this study; among 
which thirty-six were for critical-size defect analyses, and the remaining 
three were for biocompatibility analysis. All animals were kept at the 
vivarium with four animals per cage with controlled temperature (22 ±
2 ◦C), light cycle (12 h of light and 12 h of dark) and provided solid food 
and water ad libitum. 

2.4.2. Surgical experimental design and groups 
Thirty-six animals were subjected to a bilateral calvaria critical-size 

defect and divided into five groups: 1) Blood clot – BC (negative control 
group): the bone defects were not covered by any membranes, but only 
with blood clot from the bone stumps; 2)Collagen Membrane – Col 
(positive control group): the bone defects were covered by uncoated 
collagen membrane; 3) Collagen Membrane with 200 ALD cycles of MgO 
– Col-MgO200: the bone defects were covered by coated membranes 
with 200 ALD cycles of MgO; 4) Collagen Membrane with 500 ALD 
cycles of MgO – Col-MgO500: the bone defects were covered by coated 
membranes with 500 ALD cycles of MgO. The three remaining animals 
received the three membranes analyzed (Col, Col-MgO200, and Col- 
MgO500) in the subcutaneous for biocompatibility analysis. 

2.4.3. Critical size defect assay 
The animals were sedated using intramuscular ketamine (50 mg/kg) 

and xylazine (5 mg/kg), Trichotomy was performed on the calvaria area 
between the eyes and nose. The antisepsis was performed using 
degermant and topic Polyvinyl Pyrrolidone Iodine (PVPI). A V-incision 
was designed, and the flap was detached with the apex located in the 
frontal region. A 5-mm bone defect was performed on each side of the 
parietal bone, maintaining the integrity of the dura mater. The bone 
defects were covered following the experimental groups (BC, Col, Col- 
MgO200, and Col-MgO500), randomly allocated. Flap suture was done 
using Nylon 5.0 (Mononylon, Ethicon, Johnson Prod., São José dos 
Campos, Brazil). All animals received a single dose of 0.2 mL of Penta-
biotic® - Intramuscular injection (Pentabiótico Veterinário Pequeno 
Porte, Fort Dodge Saúde Animal Ltda., Campinas, SP). Animals were 
euthanized at 7, 14, and 28 days postoperatively. The samples from 7 to 
14 days were subjected to histology/histometric and immunohisto-
chemical analyses, and those from 28 days, were used for micro-
tomography, and histology/histometric analyses. 

2.4.4. Biocompatibility analysis 
The same sedative and anesthetic protocols were applied to these 

animals. After trichotomy, three linear incisions with 2 cm were per-
formed on the back of the rats [two on the cranial region (one on the left 
region, and one on the right region), and one on the right caudal region]. 
Thus, all animals received the three membranes (Col; Col-MgO200; Col- 
MgO500) and distributed randomly. The membranes were stabilized in 
the subcutaneous tissue through a monofilament suture (Nylon 5.0, 
Mononylon, Ethicon, Johnson Prod., São José dos Campos, Brazil). The 
same postoperative protocol was applied. Animals were euthanized at 3 
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postoperative days, and the soft tissue surrounding membranes was 
collected to assess the inflammation process. 

2.4.5. Assessment 
After euthanasia and collection of samples (calvaria and subcu-

taneous tissue), they were maintained in formol for 48 h and followed by 
all of the lab steps to include in paraffin (decalcification in Ethyl-
enediaminetetraacetic acid (EDTA) for 8 weeks, diaphanization in Xylol, 
and the blocks were obtained using paraffin for inclusion). 

2.5. Critical size defect assay 

2.5.1. Computed microtomographic (micro-CT) analysis 
The samples obtained at 28 days were scanned by a SkyScan 

microtomography (SkyScan 1176 Bruker MicroCT, Aatselaar, Belgium, 
2003), using the following parameters: 8-μm sections, 90 Kv, 111 μA, 
with copper and aluminum filters and a 0.05-mm rotation pitch. The 
images were reconstituted with NRecon software (SkyScan, 2011; 
Version 1.6.6.0); image reconstruction and position were performed in 
the Data Viewer software (SkyScan, Version 1.4.4 64-bit). CT-An soft-
ware (SkyScan, 2012 Bruker MicroCT, Version 1.12.4.0) was used to 
define the interest area (bone defect), which was analyzed separately. 
Therefore, the parameters BV.TV - percentage of bone volume, Tb.Th - 
bone trabecular thickness, Tb.SP - separation of bone trabeculae, and Tb. 
N - number of trabeculae were obtained to assess the bone tissue 
quantity and quality. 

2.5.2. Inflammatory cells and blood cells count 
The histological blades were stained with hematoxylin and eosin 

(HE). The inflammatory cell count was performed, emphasizing lym-
phocytes and vessels. The blades were photographed using a light mi-
croscope (DM 4000B, Leica) and the ImageJ software (National 
Institutes of Health, Bethesda, MD, USA) was used for data quantifica-
tion. For the image quantifying, an objective of × 100 magnification was 
used, and a grid with 130 points was applied to allow the count of cells. 

2.5.3. Bone formed 
The same blades were used for analyzing bone formation and pho-

tomicrographed in a × 6.3 magnification (DM 4000B, Leica). The central 
area of the bone tissue of each bone defect was evaluated. On average, 
15 pictures were taken for each defect, and then those images were 
displaced to the Adobe Photoshop CC 2019 to merge into a panoramic 
view. Then, using the tool “free hands’’ in the ImageJ software, the 
bone-formed area was measured directly in the central region of the 
calvaria defect during the bone healing process. 

2.5.4. Residual membrane area 
The images, also in a panoramic view were analyzed in the ImageJ 

program, using the “free hands” tool to quantify the area of residual 
membrane in pixels2. 

2.5.5. Residual linear defect 
The images in the Image J program were analyzed by the “straight” 

tool to measure residual linear defects. The amount of closure defect was 
calculated linearly. 

2.5.6. Biocompatibility analysis 
For the analysis of subcutaneous behavior surrounding the mem-

branes, the blades were photographed using an objective of × 100 
magnification. In the Image J software, a grid with 130 points was 
applied to allow the count of inflammatory cells, emphasizing 
lymphocytes. 

3. Results and discussion 

3.1. Characterization of the deposited MgO on collagen 

SEM was performed on uncoated collagen (Col), collagen after 200 
ALD cycles of MgO (‘Col-MgO200’ in Fig. 2), and collagen after 500 ALD 
cycles of MgO (‘Col-MgO500’ in Fig. 2). Repeated cross-linking patterns 
can be seen with lower-resolution SEM imaging on all three samples. 
Pictures of membranes with and without the MgO coating are presented 
in Fig. 2A. No significant changes were noticed after the deposition 
besides slight changes of the color from white to yellowish due MgO 
deposition. More regular patterns were observed on the 500 sample as 
ALD conformally coated the substrate with MgO (Fig. 2B). With high- 
magnification imaging, striation on the collagen fibers can be seen on 
the control samples. The fibers had varying diameters and were closely 
packed. The fibers got thicker with the increasing number of ALD cycles, 
and striation in the individual fibers was not observed on the coated 
samples (Fig. 2C). The data obtained are consistent with the observa-
tions made on TiO2-coated collagen membranes in a prior study [9]. In 
addition, EDS (energy dispersive X-ray spectroscopy) mapping was 
performed on all three samples. Carbon, oxygen, and nitrogen are the 
main constituents of protein, and all three elements were observed in all 
samples. A strong magnesium signal was observed on both Col-MgO200 
and Col-MgO500 samples, the latter having a higher relative amount of 
Mg as expected. The selected elements were mapped on the micrographs 
themselves, and the intensity of the color was directly proportional to 
the relative amount of that element present in the sample. TEM (trans-
mission electron microscopy) was performed on Col-MgO500 ALD cy-
cles of MgO. Fig. 2D shows a high-angle annular dark field (HAADF) 
image of MgO and STEM-EDS analysis of the deposited film on a single 
collagen fiber acquired using aberration-corrected scanning trans-
mission electron microscope. Fig. 2E shows STEM-EDS relative peak 
intensities of the elements detected on Col-MgO500 and individual 
elemental mapping confirming the homogeneous presence of charac-
teristic carbon (C), oxygen (O), nitrogen (N), and magnesium (Mg) el-
ements along the length of the collagen fiber. STEM-EDS elemental 
mapping of carbon consists of a signal from a MgO deposited collagen 
fiber in addition to an amorphous carbon layer from a lacey carbon 
copper TEM grid. STEM-EDS elemental mapping clearly confirms the 
uniform deposition of the MgO layer on collagen fiber. In the 
HAADF-STEM image, based on the elemental atomic number-based 
diffraction contrast principles, collagen fibers composed of C, O, and 
N elements appear in lighter contrast, while MgO deposited film 
attributed to mainly Mg element appears in the brighter contrast. 
Respective C and N STEM-EDS elemental maps signify the central region 
associated with collagen fibers. 

Atomic force microscopy (AFM) was used to study the surface 
topography of the coated and control collagen samples. ALD being a 
conformal deposition technique, was expected to coat the collagen fibers 
uniformly and retain the topography of the uncoated collagen samples. 
The AFM scans performed on Col, Col-MgO200, and Col-MgO500 sam-
ples are shown in Fig. 3. Col had a wavy topography due to the fibrous 
nature of the sample, and the measured roughness (Rq) was 0.9 ± 0.3 μm 
(Fig. 3A, A′). The Col-MgO200 and Col-MgO500 samples retained the 
original wavy topography of the collagen membrane. However, it can be 
observed from Fig. 3B, B′ and 3C, 3C’ that the roughness matches the 
texture of the surface. This happens due to the conformal nature of the 
MgO coating. Also, the Rq values were lower for both coated samples 
(0.15 ± 0.07 μm for Col-MgO200 and 0.5 ± 0.09 μm for Col-MgO500). 
XPS survey spectra were performed on control and coated samples as 
qualitative analysis to validate the presence of Mg on the surface. Mg 1s 
(~1304 eV), 2s (~89 eV), and 2p (~51 eV) peaks were identified on the 
MgO-coated collagen samples (Fig. 3D). The Auger peak Mg KLL was 
also observed. O 1s, N 1s, and C 1s were seen on all three samples at 
approximately 532 eV, 398 eV, and 285 eV, respectively. The position of 
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Fig. 2. ‘Col’, ‘Col-MgO200’, and ‘Col-MgO500’ correspond to uncoated collagen membrane, collagen after 200 ALD cycles of MgO, and collagen after 500 ALD cycles 
of MgO coating, respectively. A) General pictures of membranes with and without the MgO coating. No significant changes were noticed after the deposition besides 
slight changes of the color from white to yellowish due MgO deposition. B) SEM images of collagen fibers with and without the MgO coating. Lower (top) and higher 
(bottom) resolution micrographs: more regular patterns are observed with an increasing number of ALD cycles in the lower resolution images. Striations are observed 
in Col, which are absent in the Col-MgO200 and Col-MgO500 samples in the high-resolution images. C) EDS mapping, performed on the high-resolution images, 
shows the presence of nitrogen, oxygen, and carbon. Magnesium was observed on both Col-MgO200 and Col-MgO500. The intensity of the color green selected for 
Mg in EDS mapping directly corresponds to the relative amount of Mg present in the samples. D) HAADF-STEM micrograph and corresponding STEM-EDS elemental 
mapping of Col-MgO500 deposited collagen fiber. E) EDS spectrum and STEM-EDS elemental mapping showing the relative intensities and uniform distribution of 
carbon, oxygen, nitrogen, and magnesium elements along the length of MgO-deposited collagen fiber. Both SEM and TEM analyses performed on the samples showed 
the deposited film uniformly coated the collagen fibers without altering the chemical nature and physical morphology of the collagen membrane. The deposited film 
was amorphous and free from any secondary phase or grains. 
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these peaks is identical to those observed on TiO2-coated collagen in a 
prior study [9]. N 1s peak is sharp on control collagen but is barely 
visible on the coated samples, which can be attributed to the fact that the 
film was thick enough to cover the entire surface. High resolution XPS of 
Mg2p was performed on collagen samples after 200 cycles of ALD to 
identify the chemical state of the coated film. This has been given in the 

supplementary information along with the XPS spectra for MgO given in 
previous literature [60]. This revealed a peak located at 49.5 eV; how-
ever, this was a broad peak and peak deconvolution revealed two 
separate peaks at 49.45 ± 0.21 eV and 51.24 ± 0.26 eV which were 
attributed to the oxides and hydroxides of magnesium respectively [60, 
61]. Additionally, STEM-EDS elemental mapping further shows that 

Fig. 3. Additional surface characterization and analysis of the degradation rate of MgO performed on Col, Col-MgO200, and Col-MgO500 samples. A-C) 2D AFM 
images of Col, Col-MgO200, and Col-MgO500 samples respectively. A′) Col shows a wavy surface topography with low surface roughness which is expected due to 
the fibrous nature of the sample. B′) Col-MgO200 retains the wavy nature, but surface roughness matches with the texture as ALD conformally coats the surface. C′) 
Surface texture of Col-MgO500 matches the roughness profile while preserving the surface topography of Col. D) Overlay of survey spectra collected on all three 
samples. Mg peaks (1s, 2s, and 2p) along with the Auger KLL were seen on both coated collagen samples. N 1s peak is prominent only on the control sample indicating 
the MgO coating covers the entire surface. E) Overlay of Raman spectra collected on all three samples. The peaks below 1500 cm− 1 belong to D-band, and the peaks at 
1500 and 3000 cm− 1 are associated with G-band. F) Tensile strength of control Col, Col-MgO200 and Col-MgO500 samples collected using strips of size 2.5 mm × 15 
mm x 0.2 mm (n = 6) G) ICP-MS analyses performed on PBS extracts incubated with Col-MgO200 and Col-MgO500 samples for 1 week, 2 weeks, and 4 weeks 
respectively. H) ICP-MS analyses performed on acid-digested Col, Col-MgO200, and Col-MgO500 samples. 
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nitrogen is only present at the core while magnesium signal was found 
all around; thus, the coating was conformal in nature. Raman spec-
troscopy performed on the samples showed D-band and G-band Mg 
peaks on the coated samples (Fig. 3E). The positions of these peaks are 
consistent with the previously reported positions in the literature [62]. 

Fig. 3F compares the tensile strength of all collagen samples. The 
tensile strength of the collagen samples with 200 cycles of MgO ALD was 
calculated as 1.51 MPa with a standard deviation of 2.4 MPa. This was 
close to the control sample’s tensile strength of 2.05 ± 2.5 MPa and 
values previously reported for different collagen membranes [63] and 
BioMend membrane [64]. However, a significant increase was observed 
after 500 cycles of MgO ALD, where the average tearing load increased 
to 17.03 N, with a resultant tensile strength of 85 ± 25 MPa (Fig. 3F). 
Different techniques have been successfully used to modify the intrinsic 
and extrinsic tensile properties of collagen either by mineralization with 
solutions of calcium and phosphate ions [65,66] or cross-linking with 
organic molecules such as chitosan or catechins [67,68]. Other tech-
niques, such as bilayer/composites with gelatin alginate have also been 
used to modify collagen tensile strength [69]; however, the maximum 
tensile strength achieved by these methods was about 10 MPa for a 
crosslinking study [67]. ALD, albeit a slow process, is a post-production 
technique that requires little modification to existing production tech-
niques, a feature that would be missing in some strategies of surface 
functionalization. Previously, ALD was used to deposit TiO2 film to 
collagen membrane and increased its tensile strength from ~305 MPa to 
~385 MPa [70]. Seung-Mo Lee also reported the use of low temperature 
ALD to infiltrate metal/metal oxide into biomaterials such as spider silk 
[71], egg shell [72] and collagen membrane [73].This infiltration pro-
cess caused significant changes to material composition and the protein 
structures, which leads to enhanced mechanical properties [71–73]. 

Inductively coupled plasma mass spectroscopy (ICP-MS) is a high- 
precision technique to determine the presence or absence of certain el-
ements. A two-pronged approach was taken in order to effectively apply 
this technique to our study. Initially, acid digestion was performed on 
Col, Col-MgO200, and Col-MgO500 samples to assess the amount of 
magnesium present. Fig. 3H compares the amount of Mg present among 
all three samples in weight percent. The trace amount of Mg detected in 
the control was determined to be an environmental impurity, as the 
presence of Mg in the control was not detected via SEM or TEM analyses. 
Mg is osteoconductive and osteoinductive [74] and controlled release of 
Mg2+ ions promote bone growth [75]. Thus, it was essential to deter-
mine whether Mg2+ ions could be released over time from the deposited 
MgO films. PBS has been used in in vitro corrosion studies of magnesium 
implants [76]. In our study, the Col-MgO200 and Col-MgO500 samples 
were incubated in PBS solution at 37 ◦C to resemble the environment 
inside a human body. Fig. 3G shows the concentration of Mg2+ leached 
into PBS for these samples over the intervals of 1 week, 2 weeks, and 4 
weeks. A steady increase in Mg2+ concentration can be observed in the 
case of Col-MgO200 from week 1 (2.16 ppm) to week 4 (5.6 ppm). 
However, for Col-MgO500, the highest concentration of leached Mg2+

was observed after week 2 (10.87 ppm). At week 4, the extract from 
Col-MgO200 had a higher concentration (5.6 ppm) of Mg2+ than that of 
Col-MgO500 (4.79 ppm). In the case of magnesium implants, MgO is 
readily formed due to the interaction of the surface with air and mois-
ture and is less corrosive than pure Mg [77]. This oxide layer is hydro-
philic and forms magnesium hydroxide in the presence of water. Higher 
solubility of MgO than that of Mg(OH)2 causes supersaturation of the 
surface with water leading to precipitation of Mg(OH)2 [78]. The 
magnesium hydroxide layer formed on the surface provides additional 
protection against corrosion, and the presence of a thicker MgO may 
allow the formation of a thicker Mg(OH)2 layer when incubated in an 
aqueous environment. However, Mg(OH)2 was precipitated only on the 
surface, and the presence of impurities and difference in an oxidation 
state of Mg throughout the bulk material caused the continuation of 
localized corrosion [77]. In our study, the deposited film was MgO-free 
from any metal impurity. Precipitation of Mg(OH)2 in PBS during longer 

incubation time is highly probable on Col-MgO500 samples due to the 
higher thickness of the film. The hydroxide layer would provide addi-
tional protection against corrosion and lower the release of Mg2+ in the 
solution. 

3.2. In vitro studies 

The antibacterial activity of Mg-loaded membranes was determined 
by CFU (See Supplementary Material) and checked by relative biofilm 
formation percentual (Fig. 4A). There seems to be a possible antibac-
terial effect on late polymicrobial biofilm formation (~1.5-log killing). 
In fact, relative biofilm formation on Mg-loaded membranes was 
significantly lower when compared with non-coated collagen mem-
branes (p < 0.05) after 24 h of biofilm growth. Col-MgO200 and Col- 
MgO500 reduced bacterial viability by ~20% and ~25%, respectively. 
Additionally, no differences were found between Col-MgO200 and Col- 
MgO500 (p > 0.05), suggesting a limited dose-dependent effect. 
Therefore, the mechanism behind Mg antibacterial action may be 
associated with its release time with a possible selective bacterial killing 
mechanism. SEM micrographs confirmed this antibacterial ability of 
Mg-coated membranes after 24 h (Fig. 4B). It is important to see that 
clusters of bacterial cocci formed dense microcolonies in direct juxta-
position to the control surface, while the lower total of colonizing bac-
teria was sparsely found in Col-MgO200 and Col-MgO500 groups, which 
possibly related to its chemical composition. We also tested Streptococcus 
aureus biofilm and found a similar outcome (data not shown). Nano-
structured MgO on Mg was found to possess antimicrobial properties 
against S. aureus in a recent study [49,79]. A separate study reported 
effective bactericidal effect of Mg on S aureus while lowering peri-
prosthetic infection [80]. A recent review by Demishtein et al. summa-
rized the antimicrobial properties of Mg against bacteria such as 
S. epidermidis, P. aeruginosa, P. fluorescens and Bacillus species and 
identified Mg ions at high concentration lowered adherence of the 
bacteria species; thus decreased biofilm formation by the same [81]; He 
et al. reported antimicrobial activity of MgO nanoparticles against 
pathogens like Campylobacter jejuni, Escherichia coli and Salmonella 
enteritidis that cause foodborne illness was due to induction of oxidative 
stress and membrane leakage [82]. 

The wettability of the samples was determined using static water 
drop contact angle measurement (Fig. 4C). Samples were kept in closed 
containers at all times in the lab environment. Immediately after ALD, 
both 200 and 500 cycles-coated samples were super-hydrophilic (water 
contact angle (WCA) ~ 0◦). Between day 0 and day 14, no significant 
difference in water contact angle was observed on the control. However, 
both 200 and 500 ALD cycles coated samples became less hydrophilic 
(WCA ~ 50◦) at day 14 despite preserving in closed containers. This shift 
in hydrophobicity was most likely due to the contaminants in the lab air 
environment. A similar shift in hydrophobicity/hydrophilicity was 
observed in the case of TiO2-coated collagen membranes in a prior study 
[9]. Hydrophilicity is desired in antimicrobial films because the cations 
present in these films can interact with and disrupt the negatively 
charged bacterial membrane [83]. It was reported that super-
hydrophylic Mg-based surface significantly reduced biolfilm formation 
after 24 h and surface surface retained its superhydrophilic nature after 
long period of immersion in PBS. However, no immediate bactericidal 
effect associated with superhydrophilicity of the surface was observed 
[84]. 

MTS was performed to quantify the proliferation of gingival kerati-
nocytes cultured on control and MgO-coated collagen samples [85].The 
cell viability is plotted in terms of absorbance value for control and 
collagen samples coated with 200 and 500 ALD cycles of MgO in Fig. 4D. 
Between day 1 and day 5, cell proliferation increased in all three sam-
ples. No significant difference in cell growth was observed between the 
control and the coated samples, both on day 1 and day 5 of the study. 
Thus, the MgO coating was not toxic to the gingival keratinocytes and 
did not alter the cellular growth response. Cell proliferation assay has 
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been used in the past with Mg-alloy based materials due to the reliable 
and convenient nature of the technique [74–87] over a period of time. 
Findings of the cell proliferation assay corroborate with the results ob-
tained in other in vitro and in vivo studies. 

3.3. In vivo studies 

3.3.1. Biocompatibility analysis 
Three days after subcutaneous surgery, the biocompatibility of the 

membranes was clearly noticed, regardless of the membranes assessed 
(Col, Col-MgO200, and Col-MgO500). In all histological blades, there 
were no foreign body reactions, in general, represented by multinucle-
ated cells. A few amounts of inflammatory cells were observed in all 
groups, as represented in Fig. 5A, B, in which both tested groups (Col- 
MgO200 and Col-MgO500) showed higher lymphocytes count compared 
to Col group (P < 0.05), and those coated groups showed similar results 
(Col-MgO200=Col-MgO500; P > 0.05). 

Fig. 4. In vitro studies performed on the control and MgO-coated collagen membranes. A) Antibacterial activity of Mg-coated membranes shown via a percentage of 
relative biofilm formation on treated membranes (200 and 500 groups) normalized from control (i.e., 100%) after polymicrobial adhesion and biofilm formation. B) 
SEM micrographs (each 10 μm scale, 2000 × magnification) of all sample groups. All analyses were performed with a one-way analysis of variance (ANOVA) followed 
by either Tukey’s posthoc test for multiple comparisons. *p < 0.05. C) WCA measurements performed using ImageJ [88] show superhydrophilicity for coated samples 
when analyzed immediately after ALD. D) MTS assay performed on control and coated samples showing non-toxicity towards gingival keratinocytes. NS =
non-significant. 
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3.3.2. Critical size defect assay 

3.3.2.1. Inflammatory cells and blood cells count. The representative 
behavior and data from inflammatory cells with emphasis on lympho-
cytes and the blood cell count can be seen in Fig. 5C, D. At 7 days 
postoperative time, the Col-MgO500 group showed the highest values, 
followed by Col-MgO200, BC, and Col groups (P < 0.05). At 14 days, 
Col-MgO200 cycles showed the highest number of lymphocytes (P <
0.05), followed by Col-MgO500 and Col (both with similar data, P >
0.05), and BC showed the lowest data (Fig. 5E); (Col-MgO200>Col- 
MgO500=Col > BC). At 28 days, the Col-MgO200 group kept on 
showing higher inflammatory cells compared to other groups (P < 0.05), 
while Col-MgO500, Col, and BC groups did not differ between them (P 
> 0.05). 

Regarding angiogenesis, at 7 days, the Col group showed the highest 
values (P < 0.05), whereas all the other groups were similar (BC=Col- 
MgO200=Col-MgO500; P > 0.05). At 14 days, the Col group maintained 
the highest values compared to the others (P < 0.05). At 28 days, BC and 

Mg tested groups showed a higher number of vascular cells compared to 
the Col group (BC= Col-MgO200=Col-MgO500>BC; P < 0.05). 

3.3.3. Bone healing 
The histology characteristics of the bone healing and the behavior of 

the membranes during the period of analysis (7, 14, and 28 days) are 
shown in Fig. 6A and B. In a panoramic view (Fig. 6A), BC group has 
shown an expected behavior as a negative group, with a few newly 
formed bones until day 28. Col group promoted higher newly formed 
bone compared with BC group but clearly lower than MgO-coated 
groups (Col-MgO200 and Col-MgO500). MgO functionalization 
enhanced osteopromotive property for the collagen membrane with 
increased osteoblastic activity through the membranes forming higher 
amount of woven bone. 

3.4. Computed microtomographic (micro-CT) analysis 

The representative images of the bone defect after 28 days 

Fig. 5. Biocompatibility analysis through subcutaneous behavior surrounds the membranes (Col, Col-MgO200, and Col-MgO500) at 3 days postoperative (HE 
staining, Original magnification × 100). A) Representative images of the control and experimental groups and B) box plot (median representation) showed for both 
tested groups (Col-MgO200 and Col-MgO500) higher inflammatory cells count, with an emphasis on lymphocytes (red arrows) compared to the control group - Col 
(Kruskal-Wallis; P < 0.05). Board with E) Representative images and graphs of the C) inflammatory profile and D) blood vessel counts containing mean and standard 
deviation of BC, Col, Col-MgO200 and Col-MgO500 in the experimental periods of 7, 14 and 28 days. Different capital letters signify statistical differences between 
different groups within the same period. Different lowercase letters mean statistical differences of the same group in different periods (P < 0.05). 
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postoperative are noticed in Fig. 6F. The BC group clearly showed a few 
amounts of hyperdensity compatible with newly formed bone, charac-
terizing a critical-size defect. Both tested membranes (Col-MgO200 and 
Col-MgO500 cycles) showed a significant area of defect filling, in which 
the 500 cycles closed the whole defect. The control group (Col) also 
showed areas of defect filling; however, some hypodense regions are 
compatible with no bone formation. 

3.5. Bone formed 

At the beginning of bone healing (7 and 14 days postoperative), 
groups did not differ in terms of bone formation (P > 0.05) (Fig. 6C). 
From 28 days postoperative, Col-MgO500 increased the amount of bone 

significantly compared to all the other groups (P < 0.05). Collagen (Col) 
and Col-MgO200 showed similar data at 14 and 28 days (P > 0.05) 
(Fig. 6C). 

3.6. Residual membrane area 

Both MgO-coated membranes showed a level of degradation 
comparing the first and last period of analysis (7 and 28 days; P > 0.05), 
whereas Col kept its areas all the time (P > 0.05). At 28 days post-
operative, Col had the highest values for residual membrane area 
compared to the tested membranes (Col-MgO200 and Col-MgO500; P <
0.05). However, both coated membranes had similar data (200 versus 
500; P > 0.05) (Fig. 6D). 

3.7. Residual linear defect 

BC, Col, and Col-MgO200 cycles did not differ at the last period of 
analysis (P > 0.05); it still lacked a significant lineage to the closure of 
the bone defect, whereas Col-MgO500 cycles showed the lowest residual 
linear defect (P < 0.05). Several blades showed the defects almost filled 
with newly formed bone for Col-MgO500 (Fig. 6E). 

In terms of the biological data (in vivo investigation), both MgO- 
coated membranes (Col-MgO200 and Col-MgO500) were biocompat-
ible with the soft tissue and bone healing responses; even showing an 
increase in inflammation at the beginning of tissue responses and there 
was no foreign body reaction. None of the groups, regardless of the 
assessment (subcutaneous or bone defect), had phagocytic cells for all 
periods of analysis. The deposition of MgO with 500 cycles promoted 
osteopromotive action the most, which may indicate the optimum MgO 
concentration favorable for bone regeneration (Fig. 6B, objective 100 ×
). 

The MAPK/ERK and Wnt pathways are essential to the osteogenic 
differentiation of stem cells [89]. Mg2+ can selectively activate these 
pathways and induce stem cell differentiation. In the MAPK/ERK pro-
cess, magnesium transporter 1 (MagT1), one of the major Mg2+ trans-
porters, can influence the osteoinductive effect of magnesium by 
mediating the influx of Mg2+. The internalization of Mg2+ improves the 
release of neuronal calcitonin gene-related polypeptide-a (CGRP). CGRP 
can bind to its receptors expressed on the surface of periosteum-derived 
stem cells (PSCs) and induce activation of cAMP-responsive ele-
ment-binding protein 1 (CREB1) and SP7 (also known as osterix). In the 
Wnt process, the Mg2+ can upregulate the expression of β-catenin and 
its downstream genes (LEF1, DKK1), which leads to human bone 
marrow stromal cells(hBMSCs) to differentiate toward their osteoblast 
lineage. The upregulated expression of these proteins enhanced the 
osteogenic differentiation [38]. Mg2+ specific concentrations in cell 
cultures enhanced the mineralization of the extracellular matrix (ECM) 
by upregulating the expression of COL10A1 (an ECM component in 
healing bone) and vascular endothelial growth factor (VEGF) [39]. 
Further study is needed to investigate which mechanism responsible for 
the osteogenic effect resulted from MgO-coated collagen membranes. 

Osteoblastic cells permeated the membranes maintaining their 
integrity, with some level of membrane degradation, causing more sig-
nificant newly formed bone than the other groups. For more extensive 
bone reconstruction, the membranes should continue covering the 
reconstructed area for a more extended period, providing enough bone 
volume to be regenerated [89–92]. All the features described have been 
looked for the tissue engineering, and gathering the osteopromotive 
property in a resorbable membrane, such as collagen, is essential. 

A few recent in vivo investigations [93,94] have proposed pure 
magnesium (99.95%) as a membrane/metal biodegradable mesh for 
guided bone regeneration. The creation of a bone defect in the 
mandibular beagle dogs was filled by a particulate bone substitute and 
covered by a magnesium membrane or collagen membrane (control 
group). Both studies showed degradation of the magnesium membranes 
from 8 weeks until 12 weeks allowing newly bone formed, however, 

Fig. 6. In vivo data (A) Representative panoramic images of all groups (BC, Col, 
Col-MgO200, and Col-MgO500) in the experimental periods of 7, 14, and 28 
days (Images obtained with 5 photomicrography using ×4 lens and merged in 
the Photoshop software; HE staining). (B) Representative images of the inter-
action between the respective membranes (*) and adjacent cells (WB: Woven 
Bone) at different experimental times (original magnification: x10; HE stain-
ing). Graphs showing (C) representative mean and standard deviation data 
related to newly formed bone, (D) residual membrane area (Two-way ANOVA 
test), and (E) residual linear defect (One-way ANOVA test). Different capital 
letters mean statistical differences between different groups within the same 
period. Different lowercase letters mean statistical differences of the same 
group in different periods) (P < 0.05). (F) Three-dimensional reconstruction 
images from scanning the calvaria defects through micro-CT for all groups: BC, 
Col, Col-MgO200, and Col-MgO500 at 28 days postoperatively. 
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there was no significant difference in comparison with the resorbable 
collagen membranes available in the market. Even though the strength 
data was higher for the tested group, for clinical application, also 
thinking on the improvement of osteoblastic activity, it still necessary 
membrane changes. It was noticed in this study that MgO deposited by 
ALD on the collagen membranes maintained their integrity, covering the 
critical-size bone defects until the last analyzed period (on day 28), 
allowing almost closing of the defect with bone formed. These findings 
may allow more maintenance of bone reconstruction, especially in 
greater bone augmentation. 

The most similar experimental model of this study was published by 
Barbeck et al. [95]. They used resorbable collagen membranes sup-
ported by a magnesium mesh with or not hydrofluoric acid-treated 
covering an 8 mm bone defect created on rabbit’s calvaria. Regardless 
of group, all showed similar data, mainly related to bone formed, 
including tested groups compared with the collagen group without any 
treatment. Those data confirmed that MgO-ALD has great potential to 
allow the osteopromotive property on guided bone regeneration. 

Magnesium as a biodegradable biomaterial has been investigated in 
the last decades as a metal to manufacture plates and screws for bone 
fixation. Its degradation allows newly formed bone with no acid product 
in a final release to the surrounding tissues [96,97]. In vitro and in vivo 
studies have shown great biocompatibility of Mg biomaterials, leading 
to neoangiogenesis and, consequently, osteoblastic activity [98–100]. 
This experimental design allowed us to assess the structural and bio-
logical features of the membranes. From the animal behavior, it was 
clear that 500 cycles of MgO on the membranes achieved better osteo-
promotive property. Col-MgO200 showed good biocompatibility and 
allowed newly formed bone; however, it was similar to the Col group, 

highlighting the need of more amount of MgO to increase bone forma-
tion as per the 500 cycles of MgO group. On the other hand, the BC group 
provided a few newly formed bones, which confirmed the bone defect as 
a critical size [101]. The osteoblastic cells going through membranes 
(Fig. 6), emphasizing Col-Mg500, confirmed that the functionalization 
had slow degradation until the end of the analysis. It allowed a signifi-
cant amount of bone almost closing the defect, which is very important 
for the clinical application in bone reconstructions. A schematic diagram 
summarizing the tissue healing and antimicrobial activities of the 
MgO-coated samples as compared to that of the uncoated collagen is 
shown in Fig. 7. Among the three types of samples studied, Col-MgO500 
was found to possess the best tissue healing and antimicrobial 
properties. 

Overall, both Col-MgO200 and Col-MgO500 samples retained the 
morphology of the uncoated collagen membranes. SEM and TEM ana-
lyses confirmed the chemical nature of the deposited MgO film and its 
uniform distribution on the surface encapsulating individual fibers. 
Smoothness and uniformity of the film were further analyzed using 
AFM. ICP-MS performed on Col-MgO200 and Col-MgO500 samples 
showed the latter supported more sustained release of Mg2+ over a 
longer period. In vitro studies performed on the coated samples showed 
less dose-dependence and possible higher association with sustained 
release of Mg that enhanced the antimicrobial property of the Col- 
MgO500 samples. In vivo studies performed on the control and coated 
samples further corroborate the findings of the characterization and in 
vitro studies deeming the Col-MgO500 samples best candidate among 
the tested groups over a longer period (28 days) in terms of the in-
flammatory response in the host body. The number of vascular cells for 
Col-MgO500 was also higher and none of the samples had any foreign 

Fig. 7. Summary of in vitro and in vivo studies performed on Col, Col-MgO200 and Col-MgO500 samples. The schematic diagram shows how MgO-coated collagen 
samples promote tissue healing while preventing antimicrobial infections at the same time. Mg has antibacterial properties attributed to a large amount of OH−

produced during degradation, creating an alkaline environment. Mg ions also stimulate osteopromotive by activating signal transduction pathways such as the 
MAPK/ERK and Wnt and increased vascularized bone repairs by promoting neovascularization. 
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body reaction [102–104]. In addition, bone healing was improved, and 
higher number of newly formed bones was observed for Col-MgO500 
after 28 days. The Col-MgO500 samples indeed possessed higher anti-
microbial and osteopromotive properties. To the best of our knowledge, 
this study was the first one to assess those parameters. Thus, the func-
tionalization with MgO of collagen membranes, especially using 500 
cycles of MgO, showed promising data for biomedical applications. 

Based on the improvement of the mechanical and biological prop-
erties developed by the col-500 membrane, its clinical application can 
be an important alternative to overcome the difficulties of conventional 
collagen membranes, which are widely used, maintaining good perme-
ability for osteoblastic cells and blood vessels, and the three-dimensional 
volume of the place where it is applied [105,106]. Future craniomax-
illofacial and orthopedic clinical investigations should be designed to 
assess those biological features for market production. 

3.8. Limitations 

One of the most common disadvantages of ALD is that it can be a 
slow process. It took a little over 4 h to perform 200 cycles of ALD and 
deposit 24 nm of MgO based on the recipe used for this study. However, 
the processes used in this study focused on room temperature thermal 
ALD which can be sped up by using many developed and current 
developing techniques such as plasma enhanced ALD (PEALD) [107], 
Spatial ALD [108] among others. 

As an in vitro and in vivo (animal model) study, there is a limitation 
regarding the translation to clinical behavior. The rats Wistar used here 
and other rodents, although they have their metabolism at least three to 
four times faster than humans, there is approximately 95% of similarity 
in the genes [109,110]. The faster metabolism of these animals (3–4 
times) allows us to compare the biological behavior of the membranes in 
the long term. 1 month postoperatively corresponds to 3–4 months in 
clinical speculation, which is more than enough for the analysis of the 
time of degradation of the membranes and osteopromotive potential for 
bone reconstructions. 

In addition, despite simulating the interaction of the biomaterial in a 
living organism, animal experimentation is carried out in a controlled 
environment, with controlled diet and temperature, in accordance with 
permitted ethical standards, unlike what occurs in the human organism, 
exposed to different conditions, such as several simultaneous systemic 
diseases. It is important to point out that rodents have great resistance 
when subjected to adverse situations to the homeostatic, such as what is 
done in the research [109,110]. Therefore, a pre-clinical assessment is 
essential to confirm the membrane’s compatibility and enhancement of 
bone healing before a human investigation. 

4. Conclusion 

Successful room-temperature ALD of MgO thin films enabled the use 
of temperature-sensitive material collagen as the substrate. ALD being a 
conformal technique, is able to coat the individual collagen fibers uni-
formly. The nature of the film was determined to be amorphous and free 
from any impurities. The coated collagen membrane allowed the 
controlled release of Mg ions, was non-toxic to human cells, and showed 
good antimicrobial activity against bacterial biofilm. Both tested func-
tionalized membranes (Col-Mg200 and 500) showed good compatibility 
in the subcutaneous tissue, and 500 cycles of MgO on collagen mem-
branes achieved great osteopromotive potential on critical-size bone 
defects in the calvaria rats model. 
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