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Abstract

Magnesium (Mg) and its alloys are candidate materials for resorbable implantable devices, such as 

orthopedic devices or cardiovascular stents. Mg has a number advantages, including mechanical 

properties, light weight, its osteogenic effects and the fact that its degradation products are 

nontoxic and naturally present in the body. However, production of H2 gas during the corrosion 

reaction can cause formation of gas pockets at the implantation site, posing a barrier to clinical 

applications of Mg. It is therefore desirable to develop methods to control corrosion rate and gas 

pocket formation around the implants. Here we evaluate the potential of self-assembled multilayer 

alkylsilane (AS) coatings to control Mg device corrosion and formation of gas pockets in vivo and 

to assess effects of the AS coatings on the surrounding tissues in a subcutaneous mouse model 

over a 6 weeks’ period. The coating significantly slowed down corrosion and gas pocket formation 

as evidenced by smaller gas pockets around the AS coated implants (ANOVA; p = 0.013) and 

decrease in the weight loss values (t test; p = 0.07). Importantly, the microCT and profilometry 

analyses demonstrated that the coating inhibited the pitting corrosion. Specifically, the roughness 

of the coated samples was ~30% lower than uncoated specimen (p = 0.02). Histological 

assessment of the tissues under the implant revealed no inflammation or foreign body reaction. 

Overall, our results demonstrate the feasibility of use of the seld assembled AS coatings for 

reduction of gas pocket formation around the resorbable Mg devices.
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INTRODUCTION

Magnesium (Mg) and its alloys has emerged as promising materials for resorbable 

orthopedic devices due to their degradability in the body which eliminates the need for an 

implant removal surgery.1–5 Mg is light-weight and its mechanical properties closely match 

those of bone. Divalent Mg2+ ion is one of the essential ions and its corrosion products—

MgO and Mg(OH)2 are safe and can be cleared from the body. Mg is highly biocompatible 

and several studies showed that Mg2+ ions can induce new bone formation.6,7 However, one 

of the obstacles for use of Mg in clinical application is its initial rapid corrosion reaction 

leading to the formation of hydrogen (H2) which creates gas pockets around the implanted 

Mg devices. Pure Mg readily corrodes when in contact with an aqueous solution and as 

shown in Eq. (1) H2 gas is one of the reaction products:

Mg s + 2H2O aq = Mg2 + aq + 2OH‐ aq + H2 g (1)

In addition to H2, a complex mixture of insoluble Mg corrosion products forms in biological 

electrolytes in vivo and in vitro which consist of mineral salts, oxides and hydroxides which 

form a passivating layer around the corroding metal,8,9 leading to the decrease of the 

corrosion rate. This passivating layer act as a barrier for diffusion of water toward the 

corroding metal leading to the decrease of its corrosion rate.10,11 A portion of H2 gas is 

absorbed in the surrounding tissues and blood, while the remaining H2 forms pockets 

surrounding the implant.12 Although, H2 escapes the body quickly it is exchanged with other 

gases in vivo.12 Attempts to use Mg as a material for resorbable devices can be traced to the 

19th century, however the problem of gas pocket formation and other issues created 

obstacles for a widespread use of these devices in clinical practice.13–15 Patient discomfort 

and gas embolism are two main clinical consequences of H2 accumulation in body.9 The gas 

pocket formed in tissue can slow down the tissue healing process and the rapid degradation 

of implants may initiate an inflammatory response in surrounding tissues.16,17 It is therefore 

important to control the Mg device degradation rate to improve clinical outcomes.17 Ideally, 

the degradation rate should be such that H2 produced is absorbed by surrounding tissues and 

rapidly accumulating degradation products will not cause inflammatory response.9,12,18 

With time the corrosion products forming around the device lower its degradation rate, 

however, it is highly desirable to prevent the initial corrosion burst.12,19 More rapid 

degradation of Mg implant can occur during the initial period of implantation because of 

accumulation of body fluids around the implant due to trauma or surgery so it is important to 

control the H2 gas evolution in the early period of implantation. To overcome the issue of the 

initial rapid corrosion and the H2 burst leading to the formation of the gas pockets, three 

different strategies were used, namely, alloying, surface treatment and surface coating.20,21 

A variety of surface coating materials is used to control degradation of Mg including 

polymers,22,23 calcium phosphate,24 and polysiloxanes.25–27

Polysiloxanes have a number of advantages over other coating technologies, such as their 

well established chemistry,28 biocompatibility,29 and the potential for the surface 

functionalization of the coatings.30 A good coating system should have optimum thickness, 
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strong adhesion to substrate and defect free.31 The polysiloxane coating satisfy all the above 

requirements. Polysiloxanes were used as anticorrosion coatings for metals, such as steel, 

aluminum, and iron and more recently they were used to control corrosion of resorbable Mg 

devices.32–34

Alkylsilane (AS), hybrid organosiloxanes, comprising hydrolysable siloxane head and 

hydrophobic alkyl tail, which upon hydrolysis become amphiphilic.35 The amphiphilic 

properties of alkylsilane monomers can be harnessed to create self-assembled nanomaterials, 

including lamellar and other ordered structures.30,36 Importantly, upon self-assembly the 

siloxane groups polymerize creating mechanicaly stable structures. We recently developed a 

micron thick self-assembled multilayer AS coatings for resorbable Mg devices,37 which 

have a number of important advantages. Despite the fact that these coatings are only micron 

thick they are superior to polymer and calcium phosphate coatings in controlling Mg 

corrosion and reduction of H2 production.37 In addition, the hydroxyl groups of hydro-lyzed 

AS molecules form covalent bonds with hydroxyl groups on metal surfaces providing much 

stronger adhesion to the substrate in comparison to other coatings.32,38–40 In addition, 

Importantly, the in vitro tissue culture experiments also demonstrated a good 

cytocompatibility of these coatings.37

The aim of the present study was to test the hypothesis that the self-assembled AS coatings 

can control gas pocket formation and corrosion of the implanted Mg in a mouse 

subcutaneous model over a 6 weeks period.

MATERIALS AND METHODS

All the reagents were purchased from Sigma Aldrich (St. Louis, MO) and used as received 

unless otherwise stated. The Mg disc preparation, synthesis and deposition of the self-

assembled multilayer AS coatings was conducted as described previously and is briefly 

outlined below.37

Metal disc preparation

Six mm diameter discs were stamped from 1 mm thick Mg (99.9% purity) sheet (Alfa Aesar, 

Ward Hill, MA) and polished with 1200 grit (5 μm) MicroCutVR SiC abrasive discs 

(Buehler, Lake Bluff, IL), followed by etching in a solution comprising 20 mL 85% 

glycerol, 5 mL 65% HNO3, and 5 mL glacial acetic acid for 60 s. The discs were sonicated 

in acetone for 30 min and stored under vacuum until further use. Prior to the AS coating, a 

thin uniform hydroxide layer was formed on the discs by immersion in 3.0M sodium 

hydroxide (NaOH) solution for 2 h. In addition to the passivating properties, MgOH2 

provides the substrate for covalent binding of the silanes to a surface.25,41,42

Synthesis and deposition of self-assembled multilayer AS coatings on Mg discs

Self-assembled multilayer alkylsilane (AS) films on Mg was prepared by a dip-coating 

technique as described elsewhere.36,43,44 The precursor solution was prepared by mixing 

0.25 mL (0.73 mM) n-decyltriethoxysilane (DTEOS) (Alfa Aesar, Ward Hill, MA), 0.43 mL 

(2.92 mM) tetramethoxysi-lane (TMOS) (Alfa Aesar, Ward Hill, MA), 2 mL (0.032 mM) of 

ethanol and 0.25 mL 0.010 mM HCl (aq.). The precursor solution was stirred for 24 h at 
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room temperature to induce hydrolysis of DTEOS and TMOS. Mg discs passivated with 

NaOH were dip coated in the solution for 1 min and dried in air for 10 min at room 

temperature. The discs were subsequently dried in an incubator at 37°C for 24 h for removal 

of any trace amount of organic solvents.

Two groups of samples were used in this study as follows:

• Polished, etched and NaOH treated Mg disc (Mg-OH)

• AS coated NaOH treated Mg disc (Mg-OH-AS)

Surgical procedure

The University of Pittsburgh’s Institutional Animal Care and Use Committee approved all 

animal studies. Eight-weeks old, five male SKH1-Elite hairless mice of albino background 

(stain Code-477) from Charles River Laboratories International (Wilmington, MA, USA) 

were used for this study. Prior to surgery the mice were placed on a prewarmed heating pad 

to reduce hypothermia and decrease metabolic rate. Surgery took place under isofluorane 

inhalation anesthesia. The skin of the mouse was cleaned with alcohol swab and a 6 mm 

incision was made on its back. The noncoated and AS coated Mg discs were weighed prior 

to implantation and implanted subcutaneously on the left and right dorsal side of the mouse 

in the midsection of the body. The discs were inserted through the incision in the mid-

sagittal plane of the animals and placed ~5 mm away from the spine. The incision was 

closed using coated VICRYL™ plus antibacterial (polyglactin 910) suture (Ethicon, Johnson 

& Johnson, New Brunswick, NJ). After surgery, the animals were given water containing 

Silapap liquid containing 160 mg/mL Acetaminophen (National Drug Code-54838-0144-40; 

Silarx Pharmaceuticals, Carmel, NY) as an analgesic for 2 days and then all mice were 

placed on normal diet and water until the end of study. All animals were observed every day 

and received day-to-day managed care through the Division of Laboratory Animal 

Resources (DLAR) facility of the University of Pittsburgh. The in vivo experiment was 

carried out for 6 weeks after which mice were euthanized.

Assessment of the gas pocket formation

The formation of a gas pockets around the implanted discs was monitored by visual 

observation and images were taken every week with a digital camera every week throughout 

the experiment. The diameter of the gas pockets was measured from the images using 

ImageJ image processing package (ImageJ, Bethesda, MD).

Postmortem whole animal μCT analysis

Immediately after euthanasia, the μCT scans of the implantation sites containing the discs 

were performed using Viva-CT40 μCT scanner (Scanco Medical, Brutisselen, Switzerland) 

with 30 μm voxel size and a 70 kvp beam energy (200 ms exposure, 1 frame per view).

Optical microscopy analysis of the samples

The discs surface microstructures were observed using the Greenough stereo microscope 

Leica S8 APO equipped with Leica DFC295 digital microscope color camera (Leica 

Microsystems, Buffalo Grove, IL) prior to implantation, immediately after retrieving the 
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discs from the subcutaneous site at 6 weeks postimplantation and after removal of the 

corrosion products (see “The weight loss analysis of corroded discs”). The light intensity 

and exposure settings were maintained the same for all images.

Histological analysis

After the Mg discs were retrieved, soft tissues beneath the Mg discs were carefully collected 

and immersed in 10% ethylenediaminetetraacetic acid (EDTA) (in 0.1M phosphate buffer, 

pH 7–8 for approximately 72 h, solution changed every 24 h and fixed in 10% neutral 

buffered formalin for 24 h prior to embedding. Fixed samples were placed in Tissue-Tek® 

MESH Biopsy Cassette (Sakura Finetek, Torrance, CA) and processed in a fully automated 

Leica ASP300 S tissue processor (Leica Biosystems, Buffalo Grove, IL). After paraffin 

infiltration, samples were placed in a mold and embedded in paraffin using Leica EG1160 

paraffin embedding station (Leica Biosystems, Buffalo Grove, IL). The embedded 

specimens were cut into 5 μm thick sections using a Leica RM2255 fully automated rotary 

Microtome (Leica Biosystems Inc., IL) and mounted on a glass slide. The sections were 

H&E stained and observed using Nikon TE2000 microscope (Nikon Instruments, Melville, 

NY) in a bright field mode. The images were captured and analyzed using Nikon NIS 

Elements software.

The weight loss analysis of corroded discs

Prior to the experiments each disc was weighed using microbalance Mettler Toledo XPE26 

(Mettler Toledo, Columbus, OH). After retrieving the discs from subcutaneous pouch the 

soft tissues attached to discs were removed carefully and the discs were cleaned in a 180 g/L 

CrO3 solution to remove the corroded products. The discs were weighed and the % weight 

loss was calculated for each disc

High-resolution micro-computerized tomography (μCT) analysis of the samples

To assess the corrosion damage to the implant surface high resolution μCT was carried out. 

The discs were scanned before and after surgery. The extracted discs were cleaned with 

CrO3 as described in section “The weight loss analysis of corroded discs”. Prior to scanning 

the discs were packed in a plastic tube and separated by Parafilm spacers to avoid overlap. 

The discs were scanned on a Skyscan 1172 (Bruker-Skyscan, Contich, Belgium) μCT 

system prior to implantation and postretrieval after 6 weeks in vivo. The scans were 

conducted with an eight-micron voxel size (180 degree-angular range) and a 60 KVp beam 

energy with the use of a 0.5 mm Al filter, 400 ms exposure time, and 12 frames per view. 

The ReCon (Bruker-Skyscan) software system was used for reconstruction of the 3D 

volumes, that are provided as stacks of bmp images for every scan. The images were 

digitally truncated to limit the volume to the areas surrounding discs and saved as a separate 

file and all scanned volumes were similarly reoriented along the sagittal plane in a 3-plane-

view mode using the DataViewer (Bruker-Skyscan) software. CTAn 3D morphometry and 

densitometry analysis software (version 1.13.5.1; Skyscan-Bruker) was used to calculate the 

total surface area and volume of each disc, after a regions of interest (ROI) was user-defined 

around it. The disc regions within the ROIs was segmented from the background and eroded 

areas using a global threshold that represented the interface between the Mg alloy and the 

background.
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Surface profilometry analysis of the extracted Mg discs

To assess the surface corrosion of the implanted disks surface profilometry analysis was 

conducted. The arithmetic average surface roughness (Ra) and waviness (Wa) of CrO3 

cleaned Mg discs (see “The weight loss analysis of corroded discs”) were measured using 

the Alpha-Step IQ stylus-based surface profiler (KLA-Tencor Corporation, Milpitas, CA). 

The Ra is the arithmetic average of the absolute values of the profile heights over the scan 

length.45 The Wa is the average of the peak heights of the surface after applying low pass 

and high pass filtering to the primary profile.46,47 The measurement control parameters used 

were as follows, a scan length of 2,500 μm with scan speed of 100 μm/s and sampling rate of 

50 Hz was used. A standard 5 μm radius stylus tip was used with a 60° cone angle at contact 

speed of 3. The sensor range was chosen at 400 μm/23.8 pm with required stylus force of 

34.4 mg and selected adjustment as center bias (optimized to measure a randomly distributed 

surface (for example, roughness measurement)). The data acquisition and processing was 

done by Alpha-Step IQ software. The collected profile was leveled using two zones method. 

The roughness/waviness filter cutoff (λc) was set at value of 25 μm and microroughness 

(noise) filter was turned off.

Statistical analysis

The data were compared between groups using paired t tests, paired F test of variance and 

the analysis of variance (ANOVA) followed by Tukey’s multiple comparison test with 95% 

confidence level based on the assumption of normal distribution and unequal variance. All 

statistical analysis was performed using Origin Pro 2015 (OriginLabs, North-hampton, MA) 

software package. The data were presented as mean ± standard deviation (SD).

RESULTS

Light microscopy characterization of Mg discs pre- and postimplantation

The light microscope inspection of bare and AS coated Mg discs prior to implantation 

demonstrated that the discs did not have major defects and were free of debris [Figure 

1(A,B)]. The inspection of the discs immediately after their retrieval 6 weeks 

postimplantation revealed that the discs were covered with organic debris and corrosion 

products [Figure 1(C,D)]. The inspection of the samples after CrO3 treatment confirmed the 

complete removal of the corrosion products and organic debris from the corroded discs’ 

surfaces [Figure 1(E,F)].

Gas pocket formation dynamics

The gas pocket analysis suggests that the AS coating effectively inhibited the gas pocket 

growth for the first 3 weeks, while gas pockets formed around the bare discs in the first week 

postoperation and their diameters increased linearly over the course of the experiment 

[Figure 2(A)]. At the third week postsurgery the diameters of gas pockets around the AS 

coated discs started to increase [Figure 2(B)]. A two-way ANOVA analysis of the data 

revealed that the differences between the experimental groups over 6 weeks were highly 

significant (p = 0.013). These results indicate that the AS coating effectively prevented the 
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gas pocket formation around the Mg implant, especially in the initial postimplantation 

period in a subcutaneous model.

Corrosion analysis by the weight loss method

The mean percent weight loss for uncoated samples was 14.77 ± 4.60 versus 10.27 ± 1.43 

(mean ± SD) for the AS coated samples [Figure 2(C)]. The paired t test showed that these 

differences approached statistical significance (p = 0.07), which is attributed to the large 

standard deviation in the percent weight loss of the uncoated samples [Figure 2(C)]. At the 

same time, the threefold smaller SD in the AS coated versus uncoated group suggests that 

the coating dramatically improves the corrosion rate reproducibility. F test showed 

significant differences in variances between the two groups (p = 0.045).

The μCT and profilometry analysis of the corroded surfaces

The analysis of the μCT surface renderings of the corroded discs prior to the implantation 

revealed smooth and homogeneous surfaces for both coated and uncoated samples [Figure 

3(A–D)]. The discs retrieved from the implantation sites after 6 weeks revealed significant 

degree of corrosion for both experimental groups [Figure 3(A′–D′)]. The degree of 

corrosion on the surfaces facing muscles was greater [Figure 3(A′,C′)] than on the opposite 

surfaces in both experimental groups [Figure 3(B′,D′)]. The corrosion patterns on the AS 

coated versus noncoated samples demonstrated noticeable differences. The topography of 

the noncoated discs was very uneven with a several deep pits, indicating the presence of 

pitting corrosion, while the corrosion profile of the AS coated samples was much more 

homogeneous, with multiple small and shallow pits evenly distributed throughout the 

surface.

To assess the differences in surface corrosion observed by μCT in a quantitative manner we 

conducted profilometry studies. Two parameters were used in the surface topography 

analysis of the samples. The Ra is a parameter describing surface texture at the submicron 

scale, while waviness Wa describes the texture at the microscopic scale. The intergroup 

comparison showed that Ra values were significantly higher for both surfaces in Mg-OH 

versus Mg-OH-AS samples (p = 0.007 for the surface facing the muscle side and p = 0.042 

for the surface facing the skin side) [Table I; Figure 4(A)]. Importantly, the Ra parameters in 

both groups were not significantly different between the two disc surfaces, suggesting that 

Ra is determined by the treatment type rather than the environment. Wa mean values were 

close two times lower in the coated samples, although these differences were not statistically 

significant due to the very large variance of the noncoated samples [Table I; Figure 4(B)]. 

For roughness values F test revealed that variances in the coated group were significantly 

smaller for the coated group for skin (p = 0.038) but not for the muscle side (p = 0.783). For 

waviness F-test showed that variances were significantly lover in the coated group for both 

skin (p = 0.004) and muscle (p = 0.001) sides.

Postmortem examination and histological analysis of the sites of implantation

After euthanasia the cadavers were scanned in μCT and the sites of implantation were 

visually examined [Figure 5(A–C)]. No significant signs of inflammation were observed 

visually in the tissues surrounding the Mg-OH and Mg-OHAS discs [Figure 5(A)]. The 
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histological analysis of the tissue samples collected 6 weeks postimplantation from the area 

underneath the discs showed no differences in noncoated versus AS coated samples. Normal 

muscle and connective tissue appearance, similar to intact tissue, were observed in both 

samples [Figure 5(D–F)]. No foreign body response was observed in tissue sampled 

collected around the non-coated and AS coated Mg discs. These observations support the 

notion that the AS coatings are safe and do not cause adverse effects at the implantation 

sites.

DISCUSSION

The analysis of changes in gas pocket diameters clearly showed that the AS coating slowed 

down the formation of gas pockets. This effect was more prominent during initial 3 weeks 

postimplantation. These results demonstrate the feasibility of using the AS coatings for 

regulation of the gas pocket formation during the initial phases of the healing process. The 

gas pockets around implantable devices were observed in human patients14 as well as animal 

models.17,19,48,49 Several papers studied the effects of surface modifications on the gas 

pocket formation. Fischerauer et al. observed decrease in the gas pocket formation in the 1st 

2 weeks postimplantation with the implants treated by micro-arc oxidation, however these 

differences were not significant and at weeks 3 and 4 the gas volume was higher than in the 

untreated group.50 Interestingly, in this study a reduction of pocket size was observed 

beginning the 3th week postimplantation and by week 12 the pockets disappeared in both 

coated and uncoated groups. In our study, we did not observed any deflation of the pocket 

around both coated and uncoated implants. This difference might be related to the fact that 

the gas diffusion at the subcutaneous implantation site used in our study is much lower than 

at the highly vascularized bone site. This difference can be also attributed to the shorter 

length of our experiments. Schaller et al. studied plasma electrolytic coated implants in a 

craniofacial pig model.51 Although they did not provide quantitative data, the coating 

decreased the gas pocket formation during 12 weeks after the implantation, based on the 

microCT and histological observations. In our experiments the AS coating reduced the gas 

pocket formation over the 6 weeks experiment in comparison to the uncoated samples, 

especially during the first 3 weeks postimplantation. This reduction in gas pocket diameter 

was highly significant, based on the ANOVA analysis. To the best of our knowledge, this is a 

first study showing statistically significant reduction in the gas pocket size in vivo.

The results of our weight loss studies show ~30% decrease in the mean % weight loss values 

in the AS coated group compared to the control. This difference however, was not 

statistically significant at 5% confidence level (p = 0.07). The potential reason for this might 

lie in the greater variation of the corrosion rates in the uncoated samples, manifested by the 

SD values which are three times higher in the control than that in the AS coated group. 

Similar trend was also observed in the Wa results showing a two times difference in the 

mean values between the uncoated and AS coated groups and fivefold differences in the SD 

values were observed in muscle side group. We hypothesize that the decrease in the SD 

values is due to the reduction of pitting corrosion in the coated samples. Importantly, F test 

showed that the decrease in variance of Ra and Wa values in coated samples were highly 

significant. The variability in the corrosion rates between Mg devices can pose significant 

problems for their clinical use, since this difference will affect the time these devices stay in 
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the body. Therefore, the AS coatings can be potentially used to improve the reproducibility 

of the corrosion rates of the resorbable Mg devices.

The high-resolution μCT observations after the removal of the corrosion products revealed 

that the corroded surfaces of uncoated discs had clear signs of pitting corrosion, which is a 

typical mode of corrosion for Mg and its alloys.52,53 In contrast, AS coated Mg discs 

corroded more homogeneously with multiple shallow dimples distributed evenly throughout 

the disc surface, although the corrosion was more pronounced at the edges of the discs 

where the coating is more susceptible to the damage. Our observations of the muscle and 

skin sides of the same discs in the μCT reconstructions suggested that the surfaces facing 

muscle side were rougher than the surfaces facing skin side in both groups, although the 

profilometry analysis did not show any significant differences in the Ra and Wa values 

between the muscle and skin (gas pocket) sides in both groups. This was unexpected, since 

we initially hypothesized that the mechanical forces at the interface between the discs and 

the muscle tissues in combination with the higher fluid access will lead to increased 

corrosion on the muscle side. At the same time, the analysis of the profilometry data 

revealed significant reduction in Ra values in the AS coated group. Surface roughness of 

implants plays important role in interaction of implants with its surrounding environment.
54,55 It has been shown that increase in surface roughness enhances the degradation rate of 

Mg and its alloys.56–58 Hence, it can be of importance for clinical applications that AS 

coatings reduces surface roughness and the amount of pitting corrosion. We can only 

surmise for the mechanisms underlying this decrease in the pitting corrosion. One potential 

explanation will be that the coating masks the impurities and the grain boundaries which 

serve as nucleation sites for corrosion on the surface of the metal and therefore limiting the 

electrolyte access.59

Mg and its alloys are highly biocompatible but rapid degradation of Mg and its alloys can 

initiate inflammatory response in surrounding tissue at the implantation site.48 Several in 
vivo studies reported an inflammatory tissue response to rapidly degrading implants.60,61 

Erdmann et al. noticed fibrous tissue and inflammatory cells in the surrounding tissue of 

MgCa0.8 alloy screws implanted in tibiae of rabbits.60 In similar study, Abidin et al. 

observed foreign body reaction to products generated from degradation of pure Mg, WZ21 

and AZ91 alloys when implanted in the lower back muscle of rats.61 Reifenrath et al. 

noticed inflammatory tissue response when implanted ZEK100 alloy screw in lateral tibial 

cortices of rabbit.48 Miura et al. also noticed little infiltration of inflammatory cells around 

the Mg-Al binary alloy implanted in the rat tissue.62 Our H&E study provides an overview 

of the cells and tissues surrounding the implants. The degrading implants can cause 

myofiber degeneration that can be detected by H&E staining.63 We did not notice any 

myofiber necrosis in the muscle tissue surrounding our samples, indicating that AS coating 

is nontoxic and does not cause a foreign body reaction. Structure of the myofibers was 

normal with well-defined nuclei at the implant interface as well as in the deeper layers of the 

muscle. In our previous in vitro study,37 we have shown that, AS coating is cytocompatible37 

and our current in vivo data are in a good agreement with these in vitro experiments. It is not 

surprising since the degradation products of AS coating are mainly hydro-carbon (fat) and 

polysiloxane chains that both are biocompatible.29 The fats can be quickly processed by the 
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body, whereas silanes are widely used in biomedical applications and are biocompatible.
29,64

CONCLUSIONS

In conclusion, our results demonstrate that AS coatings can effectively control in vivo 
corrosion rate of Mg discs and prevent the initial burst of H2 gas for 3 weeks. The surface 

morphology study revealed that AS coated Mg discs corroded homogenously and its surface 

roughness was less than the noncoated Mg discs. The histology study showed no tissue 

damage around the AS coated Mg discs 6 weeks after implantation, which suggests that the 

AS coating is nontoxic and biocompatible. Overall our study demonstrates a great potential 

of the AS coatings for the corrosion control of resorbable Mg implantable devices.
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FIGURE 1. 
Optical images of Mg-OH and Mg-OH-AS discs as prepared (A and B, respectively), 

immediately after retrieval at 6 weeks in vivo (C and D) and after cleaning with a CrO3 

solution (E and F). All discs shows muscle side surface topography.
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FIGURE 2. 
(A) Photographs of a mouse at different time points after implantation of noncoated (left 

side) and AS coated (right side) Mg discs. Dotted line indicates the diameter of the 

implanted Mg disc. (B) Changes in the diameter of the gas pockets around the AS coated 

(circle) and noncoated (square) Mg discs and (C) % weight loss of Mg discs implanted in 
vivo for 6 weeks. For Box plot C, the diamonds (◆) represent individual values. The 

median values of are represented by horizontal lines inside the box; the mean values are 

represented by the empty rectangle (□); the upper and lower box ranges represent standard 

deviation (SD).

Patil et al. Page 15

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 3. 
3D μCT images of representative samples before (A–D) and 6 weeks after (A′–D′) the 

implantation; (A, A′)—muscle side and (B, B′)—skin side of an uncoated sample. (C, C′) 
muscle side and (D, D′)—skin side of a coated sample.
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FIGURE 4. 
Box plots of (A) roughness (Ra) and (B) waviness (Wa) data of the samples implanted for 6 

weeks after the implantation. The diamonds (◆) represent individual values from individual 

samples. The median values are represented by horizontal lines in the center of the box; the 

mean values are represented by the empty rectangle (□) on the box plot; the upper and lower 

box ranges represent standard deviation (SD).
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FIGURE 5. 
Photograph of a gas pocket on back of a mouse (A), X-ray images of Mg-OH (B) and Mg-

OH-AS (C) disc in mice subcutaneous region, H&E stained images of muscle tissue 

collected around (D) no implanted disc (control mice) (E) Mg-OH disc (noncoated), and (F) 

Mg-OH-AS discs (coated).
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TABLE I.

Surface Ra and Wa Values of the Mg Discs Before and After Implantation

Sr no. Sample Ra (nm) Wa (μm)

1. Mg-OH before implantation 10.86 ± 1.10 0.47 ± 0.12

2. Mg-OH-AS before implantation 13.98 ± 2.52 0. 41 ± 0.09

3. Mg-OH muscle side 273.43 ± 24.17 22.01 ± 18.27

4. Mg-OH skin side 256.40 ± 37.76 15.24 ± 14.76

5. Mg-OH-AS muscle side 206.27 ± 27.98 10.24 ± 3.73

6. Mg-OH-AS skin side 202.10 ± 11.31 6.70 ± 2.41
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