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Abstract Polymeric film coatings were applied by dip

coating on two magnesium alloy systems, AZ31 and

Mg4Y, in an attempt to slow the degradation of these

alloys under in vitro conditions. Poly(lactic-co-glycolic

acid) polymer in solution was explored at various con-

centrations, yielding coatings of varying thicknesses on the

alloy substrates. Electrochemical corrosion studies indicate

that the coatings initially provide some corrosion protec-

tion. Degradation studies showed reduced degradation over

3 days, but beyond this time point however, do not main-

tain a reduction in corrosion rate. Scanning electron

microscopy indicates inhomogeneous coating durability,

with gas pocket formation in the polymer coating, resulting

in eventual detachment from the alloy surface. In vitro

studies of cell viability utilizing mouse osteoblast cells

showed improved biocompatibility of polymer coated

substrates over the bare AZ31 and Mg4Y substrates.

Results demonstrate that while challenges remain for long

term degradation control, the developed polymeric coatings

nevertheless provide short term corrosion protection and

improved biocompatibility of magnesium alloys for pos-

sible use in orthopedic applications.

1 Introduction

Historically, within the orthopedic market, fixation and

repair have been limited to implantation of inert alloys,

such as titanium and stainless steel, to immobilize and heal

damaged bone [1–3]. Magnesium and magnesium-based

alloys pose a bright prospect for use in orthopedic and

craniofacial repair applications since these alloys not only

display physical properties strikingly similar to natural

bone but also exhibit the unique ability to degrade in vivo

[1, 4–6]. As a result, these alloys are potentially promising

candidates for orthopedic fixation plates and screw device.

Such implants that degrade on demand in vivo following

completion of their primary function to providing support

to the underlying fractured bone or healing of the non-

union are indeed desirable because this type of implant

reduces the chance of long term complications associated

with permanent implants, including foreign body response,

delayed type hypersensitivity, and painful secondary

removal surgery [1, 7]. Consequently, research into the

potential of magnesium-based alloys for implants that

degrade in this manner has increased exponentially in the

past 5 years. The current barrier to clinical implementation

N. J. Ostrowski � B. Lee � A. Roy � M. Ramanathan �
P. N. Kumta (&)

Department of Bioengineering, University of Pittsburgh,

Pittsburgh, PA 15261, USA

e-mail: pkumta@pitt.edu

N. J. Ostrowski � B. Lee � A. Roy � M. Ramanathan �
P. N. Kumta

Swanson School of Engineering and School of Dental Medicine,

University of Pittsburgh, 849 Benedum Hall, Pittsburgh,

PA 15261, USA

P. N. Kumta

Department of Chemical and Petroleum Engineering,

University of Pittsburgh, Pittsburgh, PA 15261, USA

P. N. Kumta

Department of Mechanical Engineering and Materials Science,

University of Pittsburgh, Pittsburgh, PA 15261, USA

P. N. Kumta

Center for Craniofacial Regeneration, University of Pittsburgh,

Pittsburgh, PA 15261, USA

P. N. Kumta

Center for Complex Engineered Multifunctional Materials

(CCEMM), University of Pittsburgh, Pittsburgh, PA 15261, USA

123

J Mater Sci: Mater Med (2013) 24:85–96

DOI 10.1007/s10856-012-4773-5



for magnesium alloys is the aggressive degradation rate,

accompanied by hydrogen gas evolution, and limited bio-

activity [7, 8]. This hydrogen gas evolution results in

undesirable gas pocket formation near the site of implan-

tation. The corrosion of magnesium in vivo results in

hydrogen gas evolution following the general reaction:

Mgþ 2H2O! Mg2þ þ 2ðOHÞ� þ H2 ð1Þ

It can be seen from Eq. 1 that the dissolution of one

atom of magnesium generates one molecule of hydrogen

gas [9]. It is also generally accepted that magnesium and

the hydroxide ions will react to form Mg(OH)2 passivation

layer on the surface of the implant. However, this layer is

not highly stable and that magnesium alloys are susceptible

to pitting corrosion [2].

Strategies to limit degradation rate in vivo include

exploring unique alloying elements, processing strategies

and applying surface coatings. Alloying and improvements

in processing methodologies may obtain slower degrada-

tion rates, but are not likely to drastically improve the

surface bioactivity of the implant, which can ultimately

affect osseo-integration and new bone growth [8, 10]. The

utilization of surface coating is thus of great interest, as

coatings have the potential to both slow degradation and

increase the biocompatibility of implants. Specifically of

interest are calcium-phosphate based coatings due to their

structural similarity to the mineralized component of nat-

ural bone, and degradable polymeric coatings [6, 11–15].

Coatings of degradable polymers can not only act as a

corrosion barrier, but can be used to deliver drugs, genes

and growth factors at the body-implant interface [16].

Among the many natural and synthetic polymers explored

poly(lactide-co-glycolide) (PLGA) has numerous justifi-

cations for use as a coating owing to their high biocom-

patibility, clearance through FDA for numerous devices,

well explored drug delivery capabilities and ability to tailor

in vivo degradation rates with metabolically digestible

degradation products [17–20]. The integration of PLGA on

the surface of magnesium alloys could therefore potentially

serve to inhibit corrosion and additionally act as a scaffold

to elude antibiotic agents, such as cefoxitin sodium, or

growth factors, such as BMP-2 [21, 22]. Previously, Li

et al. [23] explored a high molecular weight 90:10 PLGA

on a magnesium—6 wt% zinc alloy, and showed some

corrosion protection of the alloy, as demonstrated by

polarization curves and electrochemical impedance spec-

troscopy (EIS). Surprisingly, the authors determined that a

thinner coating would provide more protection against

corrosion than a thicker coating. The authors speculated

that the thinner coating is sufficient to passivate the alloy

surface and that a thicker coating contains more defects

than the thinner coating while providing no additional

passivation, thus leading to an inferior corrosion protection

profile for the thicker coating. Xu et al. [24] and Lu et al.

[25] have recently reported the incorporation of PLGA,

films or spheres, into composite coatings for drug-release

purposes.

In this study, a mid-range molecular weight 50:50 PLGA

is coated on to two magnesium alloy systems, AZ31 (96 %

Mg, 3 % Al and 1 % Zn by weight) and Mg4Y (96 % Mg and

4 %Y, by weight). It should be noted that this is the first

report of PLGA coatings on AZ31 or Mg-Y alloy systems to

the best of our knowledge. The present study was conducted

in order to evaluate the potential of PLGA coatings to slow

the corrosion and increase the biocompatibility of the AZ31

and Mg4Y alloys. The successful implementation of PLGA

for this purpose could lead to the use of PLGA as a one-step,

multifunctional coatings for magnesium-based alloys for use

in orthopedic applications requiring biocompatibility and

time dependent corrosion protection.

2 Materials and methods

2.1 Materials and sample preparation

Hot rolled AZ31 alloy was acquired from Alfa Aesar (Ward

Hill, MA, USA) and was used as received. Mg4Y was

acquired from GKSS Research Institute (Geesthacht,

Germany) in ingot form, graciously provided by Dr. Norbert

Hort, and further homogenized by heat treating to 525 �C in

ultra-high purity Argon (UHP-Ar) under inert atmosphere

for 8 h. Samples were cut into squares 1.25 9 1.25 9

0.08 cm in size and cleaned by etching in 3 % nitric acid

solution. The samples were then rinsed with acetone, pol-

ished with 1200 grit (5 lm) SiC polishing paper, and soni-

cated for 30 min in acetone. Cleaned and polished samples

were stored in acetone until application of the polymer coat-

ings. Poly(D,L-lactide-co-glycolide), Mw 30,000–60,000,

(Sigma-Aldrich) was dissolved in dichloromethane at 10 and

20 % wt/vol, from here on referred to as AZ31-PLGA 10 %,

AZ31-PLGA 20 %, Mg4Y-PLGA 10 % and Mg4Y-PLGA

20 %, respectively, depending on the alloy and polymer

concentration utilized. The polished substrates were subse-

quently dipped into the respective polymer solution at room

temperature, allowed to reside for 1 min, withdrawn at a speed

of 200 lm/s using a dip coater (Desktop Dip Coater, Model

No EQ-HWTL-01-A, MTI Corporation, USA), and then

finally allowed to dry at room temperature. This dip coating

process was repeated in triplicate on each sample for each test

completed.

2.2 Characterization of coatings

The coating thickness of the films was calculated by

measuring the weight gain from dip coating in polymer
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solutions and utilizing the sample dimensions. Thickness

measurements were taken in triplicate and averaged. The

presence of the coatings was further confirmed by attenu-

ated total reflectance Fourier transform infrared spectros-

copy (ATR-FTIR, Nicolet 6700 spectrophotometer,

Thermo Electron Corporation) using a diamond ATR

Smart orbit. Spectra were obtained at 1.0 cm-1 resolution

averaging 32 scans in the 400–2,500 cm-1 frequency

range.

2.3 In vitro degradation and corrosion

Electrochemical corrosion characterization studies of the

coated alloy samples were performed using CH604A (CH

Instruments Inc) electrochemical work station. Following

sample preparation as described in the previous section,

one side of each sample was connected to a wire with silver

epoxy and then electrically insulated, so that only one side

is exposed for conducting the electrochemical tests. The

length and width measurements were taken for corrosion

current calculations. Ag/AgCl and a platinum wire were

employed as the reference and counter electrodes, respec-

tively. Testing was carried out utilizing a 3-neck jacketed

flask (ACE Glassware) filled with 125 mL Dulbecco’s

Modified Eagle’s Medium (DMEM) containing 10 % fetal

bovine serum (FBS, Atlanta Biologicals, Lawerenceville,

GA) and 1 % penicillin/streptomycin antibiotics (P/S,

Gibco, Grand Island,NY), equilibrated to 37 �C. All the

specimens were allowed to equilibrate to reach a stable

open circuit potential (OCP), before initiating the polari-

zation tests at a scan rate of 1.0 mV/s. The corrosion cur-

rent was determined using the Tafel extrapolation of the

polarization curve and normalized by the exposed surface

area to yield a measurement of corrosion current density.

The software program Origin with a Tafel packet was used

to perform the Tafel extrapolation and plot the data.

Corrosion profile up to 21 days was assessed by ana-

lyzing the magnesium ion concentration in media extracted

after sample incubation. The coated substrates were ster-

ilized by UV light exposure for 1 h per side. Each substrate

was then soaked in 2 mL of DMEM containing 10 % FBS

and 1 % P/S under standard growth conditions of 37 �C,

5 % CO2 and 95 % relative humidity for 21 days. The

media was changed and collected every 24 h to monitor the

degradation rate under in vitro conditions. The collected

media was diluted in 0.03 M Tris buffer solution and

analyzed using inductively coupled plasma optical emis-

sion spectroscopy (ICP-OES, iCAP duo 6500 Thermo

Fisher). Magnesium ion concentrations in solution were

compared to media and uncoated substrate controls. The

coatings were characterized post-corrosion using a digital

optical microscope (Keyence VHX-600K) and a scanning

electron microscope at 10 kV (SEM, Philips XL30 FEG

ESEM). Samples were sputter coated with palladium

(Cressington sputter coater 108A) for observation of the

surface morphology post corrosion using SEM.

2.4 Cytocompatibility

2.4.1 Cell culture

Murine MC3T3-E1 pre-osteoblast cells obtained from

ATCC (Manassas, VA) were utilized for cell culture

studies. Cells were cultured in minimum essential medium

alpha (a-MEM, Gibco, Grand Island, NY) containing 10 %

fetal bovine serum (FBS, Atlanta Biologicals, Lawerence-

ville, GA) and 1 % penicillin/streptomycin antibiotics (P/S,

Gibco, Grand Island, NY) at 37 �C, 5 % CO2 and 95 %

relative humidity. Substrates were placed in 12 well plates

and sterilized using UV radiation for 40 min on each side.

The substrates were then seeded with MC3T3 cells, after

third to seventh passage, at a density of 60,000 cells/well,

with a total media volume of 2 mL/well. Media was

changed every other day throughout the testing period.

2.4.2 Live/dead assay

Cell viability was assessed using Live/Dead staining

(Invitrogen, Live/Dead Staining Kit). The assays were

performed on day 1 and 3 substrate cell cultures. The

coated alloy substrates were rinsed with phosphate buffered

saline (PBS, Lonza BioWhittaker Buffers and Buffered

Salines, 19, 0.0067 M(PO4) without calcium or magne-

sium) and then incubated for 30 min in live/dead stain,

calcein AM and ethidium homodimer-1, diluted in PBS.

After incubation, the samples were again washed with PBS

and then imaged using fluorescence microscopy (Olympus

CKX41, Olympus DP25 Microscope Camera).

2.4.3 Cytoskeleton fixing and imaging

Following fluorescence imaging, cells were fixed using a

2.5 % glutaraldehyde solution for 15 min. Fixed samples

were then subjected to alcohol dehydration and mounted

for SEM imaging. Samples were coated with palladium in

order to observe the cell morphology using SEM.

3 Results and discussion

3.1 Coating characterization

The thickness of the coatings was calculated by measuring

the sample dimensions and the gain in weight following dip

coating, assuming a fully dense, nonporous coating and the
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manufacturer-provided material density of 1.34 g/mL

using Eq. 2:

ThicknessðlmÞ¼ Weight gainðgÞ
density g

cm3

� �
�Surface areaðcm2Þ

�104

ð2Þ

Resulting thicknesses indicate that there is a large

increase in coating thickness with a higher solution

concentration, (Table 1). There is no statistical difference

however between the coating thickness on AZ31 or Mg4Y

alloy with either polymer concentrations, indicating similar

interaction occurring between the alloy surface and the

polymer solution for both alloys.

FT-IR was used to confirm the presence of the polymer

coatings on the alloy. Figure 1 shows the FT-IR spectrum

of uncoated Mg alloys, PLGA and PLGA coated samples.

The characteristic bonds at numerous wave numbers, such

as the carbonyl stretching at 1,750 cm-1, C–O–C stretch-

ing at *1,080 cm-1are indicative of the presence of the

PLGA polymer [26]. No such peaks are expectedly seen on

the bare metal substrates devoid of the polymer. Differ-

ences between the coating thicknesses, as expected, did not

appear to influence and cause any changes to the obtained

spectra.

Table 1 Coating thicknesses on magnesium substrates

Sample type Thickness (lm)

AZ31-PLGA 10 % *1.6

AZ31-PLGA 20 % *41.8

Mg4Y-PLGA 10 % *1.6

Mg4Y-PLGA 20 % *62.1

Fig. 1 FTIR spectra of

uncoated AZ31 (a), uncoated

Mg4Y (b), pure PLGA (c) and

coated samples AZ31-PLGA

10 % (d), AZ31-PLGA 20 %

(e), Mg4Y-PLGA 10 % (f) and

Mg4Y-PLGA 20 % (g),

showing clear presence of

PLGA on all coated substrates
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3.2 In vitro degradation

Polarization curves for the coated and uncoated substrates

can be seen in Fig. 2 for AZ31 substrates (a) and Mg4Y

substrates (b). Table 2 gives a summary of the corrosion

potential and corrosion current densities as calculated from

extrapolation of the Tafel plots. For the AZ31 alloy, PLGA

coatings on the substrates resulted in an Ecorr that is less

negative than the uncoated alloy, indicating that the coating

did provide a barrier for corrosion. Increase in polymer

thickness further yielded an increase in Ecorr indicating the

beneficial influence of the thicker polymer coating. The

presence of the polymer coatings on AZ31 visibly lowered

the icorr values compared to the uncoated AZ31 alloy

substrate, although there was no significant variation

between the two different polymer concentrations and

thickness of the polymer coatings. The addition of PLGA

coatings on Mg4Y alloy substrates also resulted in Ecorr

values which are less negative than the uncoated substrates

as well as reductions in icorr values similar to the coatings

on AZ31. Similar to the coatings on the AZ31 substrate,

there was no perceivable difference in the icorr values

between the two polymer concentrations and consequent

thickness of the polymer coatings. Additionally, unlike the

coatings on AZ31, increasing the thickness of the PLGA

coating on Mg4Y substrates did not offer much change in

the Ecorr or icorr values. It should be however noted that the

corrosion potential of the uncoated Mg4Y is more negative

compared to the uncoated commercial AZ31 alloy indica-

tive of a more reactive alloy surface, which is not consis-

tent with predictions reported by previous researchers [20].

This is possibly a consequence of the difference in the

processing conditions of the alloys. AZ31 is a commercial

product that has been likely processed with better preci-

sion, subjected to commercial extrusion and rolling pro-

cedures, and likely better impurity control than the

laboratory-generated Mg4Y that was not subjected to any

further processing modifications following casting other

than the standard homogenization treatments. Despite these

differences between the two alloy substrates to begin with,

overall however, the polarization curves of the polymer

coated AZ31 and Mg4Y substrates do exhibit corrosion

protection of the bare AZ31 and Mg4Y alloys as demon-

strated by a less negative Ecorr values as well as a reduction

in icorr values for all the coated substrates regardless of the

thickness and the polymer concentration.

Coated and uncoated substrates were further immersed

in DMEM with FBS and P/S which was changed daily and

maintained under in vitro conditions to qualitatively

determine the effect of polymeric coatings on the stability

and the degradation rate of the alloys. SEM images of the

coated substrates of AZ31 and Mg4Y are shown in Figs. 3

and 4 respectively, at three time points namely, 3, 12 and

15 days. At day 3, microscopic inspection indicates that the

coatings on all substrates are present; however noticeable

changes to the substrate surface begin to appear particu-

larly with the coatings corresponding to higher polymer

concentration and higher thickness. Coatings of PLGA

10 % show the onset of corrosion under the surface, as

indicated by the plate-like morphology typical of the

Fig. 2 Polarization curves of substrates AZ31 a uncoated (i), PLGA

10 % (ii) and PLGA 20 % (iii) coatings and Mg4Y b uncoated (i),
PLGA 10 % (ii) and PLGA 20 % (iii) coatings

Table 2 Corrosion potential (Ecorr) and current density (icorr) values

for coated and uncoated substrates

Ecorr (V) icorr (A/cm2)

AZ31-uncoated -1.54 3.10E-05

AZ31-PLGA 10 % -1.469 5.20E-06

AZ31-PLGA 20 % -1.415 6.05E-06

Mg4Y-uncoated -1.664 4.42E-05

Mg4Y-PLGA 10 % -1.485 8.09E-06

Mg4Y-PLGA 20 % -1.469 6.85E-06
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magnesium corrosion product which is also seen in the

AZ31 and Mg4Y uncoated substrates. Comparing the

PLGA 10 % coated substrates with the uncoated substrates,

the coatings appear to slow the corrosion for shorter time

points. The corrosion however progresses with increase in

incubation time. Coatings of PLGA 20 % show the for-

mation of gas bubbles, likely of trapped hydrogen gas,

forming underneath the polymeric surface during 3 days of

incubation. As the incubation time progresses, these bub-

bles appear to grow with increasing volume of gas gener-

ated reaching the maximum pressure leading to collapse of

the gas bubbles, consequently leaving the unprotected

substrate fully exposed in some areas to the liquid envi-

ronment while the polymer remains intact in other non-

specific areas. The same plate-like corrosion product can be

seen on the exposed areas of the substrate. This effect

appears to be especially aggravated on the Mg4Y-PLGA

20 % surface. The Mg4Y alloy appears to undergo more

aggressive corrosion in the presence of PLGA in contrast to

the AZ31 alloy. Previous research indicates that an oppo-

site effect should be true in the uncoated alloys [20].

However, to the authors knowledge, these two alloys, with

or without coatings, have not been directly compared. For

all polymer coatings, the polymer provides partial protec-

tion of the alloy surface initially, but the stability of the

coating appears to break down with subsequent incubation

time leading to eventual swelling, deformation, and even-

tual delamination of the polymer from the alloy surface.

ICP was used to determine ionic concentrations of

magnesium in the DMEM collected in order to further

evaluate the degradation of the AZ31 and Mg4Y substrates

when coated with the protective PLGA polymer (Fig. 5a,

b). For all samples, including uncoated substrates, there is

an increase in magnesium ion concentration above pure

media baseline. Both AZ31-PLGA 10 % and Mg4Y-PLGA

10 % coatings show some reduction in magnesium ion

release at day 3, and at subsequent time points AZ31-

PLGA 10 % coatings yield magnesium concentrations

similar to the uncoated substrate for subsequent time points

until day 12 beyond which the magnesium ion concentra-

tion appear to be slightly elevated compared to the uncoated

AZ31 alloy. For AZ31-PLGA 20 % and Mg4Y-PLGA 20 %,

Fig. 3 SEM images of uncoated and PLGA coated AZ31 substrates post incubation in media (Scale bar is 500 lm)
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there is again a reduction in magnesium ion release in

comparison to the uncoated substrates at day 3. However,

at later time points this reduction is not maintained. The

PLGA 20 % coatings on both substrates appear antago-

nistic, with the daily ion release rate increasing rapidly

until day 9 above that of the uncoated substrates with the

Mg4Y-PLGA 20 % exhibiting almost two-fold higher

dissolution of Mg compared to the corresponding coating

on AZ31. This is unexpected because as corrosion of the

metal alloy underneath the PLGA coating proceeds, pH

should increase, pushing the surface closer to passivation

[2]. This would in turn reduce the corrosion because the

buildup of the more robust magnesium hydroxide layer

would lead to some corrosion protection for the alloy

surface [27].

It is also important to note that PLGA is considered

semi-permeable to water, as the water penetration into the

bulk of the polymer occurs faster than surface hydrolytic

degradation of the polymer [28]. It is well known that the

hydrolytic degradation within the bulk of the PLGA coat-

ing would result in the formation of acidic byproducts.

These byproducts could react with the magnesium corro-

sion ions or magnesium hydroxide, forming soluble mag-

nesium lactates or magnesium glycolates. The formation of

lactates and glycolates will prevent the formation and

growth of dense and thick corrosion protective magnesium

hydroxide layer. It is therefore very unlikely that the

reaction products of magnesium lactate and glycolate can

form dense corrosion protective layers as these salts are

more soluble than magnesium hydroxide [29, 30]. The

local increase in pH as well as absence of any corrosion

protective layer will therefore lead to the rapid corrosion of

the underlying bare surfaces. The effect is expected to be

greater with the thicker coating, thus explaining the greater

corrosion seen with the PLGA 20 % coatings.

The corrosion results observed by us compare well with

the observation of the coating tests reported by Chen et al.

[14], wherein PCL and PLA coatings on pure magnesium

displayed a ‘‘special interaction’’. The authors observed that

the individual degradations of the polymer coating and the

magnesium alloy were each antagonistic of the other and

that this reciprocity ultimately undermined the corrosion

Fig. 4 SEM images of uncoated and PLGA coated Mg4Y substrates post incubation in media (Scale bar is 500 lm)
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resistance of the material under dynamic degradation tests.

The hypothesized effect reported by Chen et al. correlates

well with the ICP results of day 3 reported here as well as the

electrochemical corrosion results, which asses that the cor-

rosion protection by the PLGA coating on AZ31 and Mg4Y

is only observed at very early time points, demonstrating that

the PLGA coatings regardless of the concentration only

serve to provide a physical barrier to corrosion, through day

3, but that the protection is not maintained beyond 6 days of

incubation, presumably due to the penetration of water into

the PLGA bulk coating and the subsequent degradation of

both the polymer coating and the magnesium alloy substrate

with the formation of the soluble products outlined above.

The discussed mechanism is also consistent with the SEM

observations, which clearly show the formation of large

number of hydrogen gas bubbles in AZ31 PLGA 20 % and

Mg4Y PLGA 20 % coatings in contrast with the corre-

sponding AZ31 and Mg4Y substrates containing PLGA

10 % coatings (see Figs. 3, 4).

Figure 6 shows the digital optical images of the incu-

bated substrates at the same three time points as shown in

the SEM images. These images also support the previous

observations of coating protection and durability, including

the formation of bubbles beneath the polymer (day 3 PLGA

20 % on AZ31 and Mg4Y), the separation of the thicker

coatings from the alloy surface (especially PLGA 20 % on

Mg4Y) and the more aggressive corrosion of Mg4Y in

comparison to AZ31.

Fig. 5 ICP measurements of

daily magnesium ion

concentration in extracted

incubation media for AZ31

coated and uncoated samples

(a) and Mg4Y coated and

uncoated samples (b)
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Fig. 6 Digital optical images of PLGA coated AZ31 and Mg4Y substrates post incubation in media (Scale bar is 2 mm)

Fig. 7 Morphology of MC3T3

osteoblasts at 24 h post-seeding,

indicating better cell adhesion

for thicker PLGA coatings

(Scale bar is 100 lm)
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3.3 Cytocompatibility

SEM images of cells fixed on the surface of the alloys 24 h

following seeding can be seen in Fig. 7 and the Live/Dead

staining of osteoblasts at 1 and 3 days post seeding can be

seen in Fig. 8. These SEM images show the cell cyto-

skeletons, indicated by the arrows, flattened and extended

on the polymeric surface, indicating good adhesion of the

osteoblasts validating the polymer coated surface being

favorable for cell attachment. Staining of cells at 1 and

3 days (Fig. 8) shows an increase in cell number at day 3

over day 1, indicating no inhibition for cell proliferation,

especially for the polymer coated AZ31 substrates. It

appears therefore that the formation of gas bubbles in the

polymer plays a direct role in the location and the manner

in which the cells grow. For example, AZ31-PLGA 20 %

Fig. 8 Live/Dead staining of MC3T3 osteoblasts on coated and uncoated substrates indicating improved biocompatibility of coated substrates

over uncoated substrates (Scale bar is 200 lm)
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at day 3 shows open regions where the hydrogen bubbles

resulting from corrosion have burst open preventing

attachment of the cells. Surrounding the gas pocket are

areas of high density of cells, but within the spherical gas

bubble pocket regions no cells have proliferated. Addi-

tionally, as seen in Mg4Y-PLGA 10 % at day 3, where

cells may have proliferated within the spherical gas pocket

region following collapse of the gas bubbles or underneath

the polymeric coating, those cells do not survive. This is

likely due to the change in local ion concentrations due to

soluble by-products formed as discussed above. It should

be noted however that the application of PLGA coatings on

the surface of AZ31 and Mg4Y alloys despite the time

dependent corrosion protection demonstrated in Figs. 3 and

4, has a clear improvement on the biocompatibility of the

uncoated alloy surface showing improved cell viability and

proliferation over the uncoated substrates.

Compiling the various corrosion and cell adhesion,

viability and proliferation results outlined above, it is clear

that although the biocompatibility of the PLGA coating is

better, the corrosion protective nature of PLGA coatings on

the surface of magnesium alloys however is inconsistent.

While numerous factors affect the degradation rate of

PLGA polymers, the crucial issue with utilizing PLGA

(and many other degradable synthetic polymers) as a

temporary tool for corrosion protection is the mechanism

of PLGA degradation. PLGA is known to undergo bulk

erosion in vivo, wherein the full body of the material is

simultaneously attacked by water, as opposed to surface

erosion, where only the surface of the material is degraded

[28]. In the context of protecting metallic surfaces from

corrosion, the bulk erosion of the polymeric coating leads

to rapid exposure of the surface to water and consequent

formation of acidic erosion byproducts. Thus, the amount

of water exposure to the underlying bare metal surfaces is

limited but not fully prevented. This appears to be exag-

gerated by the evolution of hydrogen gas upon initiation of

corrosion. The gas is trapped below the polymeric coating,

forming gas pockets which burst and expose larger areas of

the metallic substrate to aqueous attack. Further studies and

optimized coating strategies to increase the alloy surface-

polymer coating adhesion may yield improved corrosion

resistance because an increased adhesion would reduce or

eliminate gas pocket formation between the polymer and

alloy. These studies are currently in progress and the results

will be reported subsequently.

4 Conclusion

A 50:50 PLGA polymer with two different concentrations

was coated onto the surface of both AZ31 and Mg4Y alloys

through a solution dip-coating method. The implementation

of PLGA yielded homogeneous and reliable coatings on

AZ31 and Mg4Y alloy substrates offering some level of

immediate corrosion protection over a limited time period.

However, once the aqueous corrosion attack is initiated, the

polymer offers little protection over subsequent time periods

although dramatic improvements in osteoblast adhesion and

proliferation are observed on the surface of both alloy sub-

strates. Between the two alloys, Mg4Y substrates, both

coated and uncoated, appear less resistant to corrosion in

comparison to AZ31 substrates, which is in direct contrast

with results from previous studies. Preventing the formation

of gas pockets below the polymeric coatings, through

increased alloy–polymer adhesion, may lead to improved

corrosion resistance rendering the implementation of these

coated Mg alloy substrates for possible use in orthopedic

fixation plate application while also permitting the utiliza-

tion of PLGA for additional biotechnological applications

such as drug delivery.
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