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Abstract

Controlling acidic degradation of biodegradable polyesters remains a major clinical challenge.
This work presents a simple and effective strategy of developing polyester composites with
biodegradable magnesium metal or alloys. PLGA samples with compositions of 1, 3, 5, and 10 wt
% magnesium were simply produced using the solvent-casting method, which resulted in
composite films with near uniform Mg metal/alloy particle dispersion. Degradation study of the
composite films showed that all compositions higher than 1 wt% magnesium were able to extend
the duration of degradation, and buffer acidic pH resulting from PLGA degradation. PLGA
composite with 5 wt% of magnesium is found to show near-neutral degradation pattern in sink
condition. Magnesium addition also showed improved mechanical characteristics in terms of the
tensile modulus and strength. /n vitro experiments conducted by seeding PLGA composites with
MC3T3-E1 pre-osteoblasts demonstrated increased ALP expression, and cellular mineralization.
The established new biodegradable polymer-metal system provides a useful biomaterial platform
with a wide range of applications in biomedical device development and scaffold-based tissue
engineering.
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1. Introduction

Biomaterials of natural and synthetic origin have been developed for biomedical
applications, including tissue engineering [1]. Synthetic biomaterials include polyesters,
polyurethanes, polyanhydrides, polyamides and polyphosphazenes [2, 3]. Among these,
polyesters have received wide attention as biodegradable biomaterials to develop biomedical
implants as well as three-dimensional and porous scaffold systems for tissue engineering
applications [4-12].

Biodegradable polyesters are attractive due to their excellent biocompatibility and tunable
physico-chemical properties. For example, PLGA co-polymer's mechanical and degradation
characteristics can be fine-tuned by varying lactic acid to glycolic acid ratio [13, 14]. Based
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on the initial success, some polyesters have received FDA approval to be part of biomedical
devices, such as biodegradable sutures and orthopedic fixation devices [4, 15, 16]. However,
polyester (PGA, PLLA, and PLGA) degradation results in acidic by-products [17, 18]. This
leads to acid build-up, which is reported to cause local inflammation, infection and
eventually may lead to implant failure [19-21].

To specifically address polyester acidic degradation, composite, and blend strategies are
employed. In the composite strategy, polyesters are combined with inorganic phosphates
such as calcium phosphate or hydroxyapatite, using the biocompatibility and tunable
mechanical properties of bone-like biomaterials. For example, tricalcium phosphate (TCP)
has been shown to buffer the acidic degradation of PLGA, by hindering the degradation of
PLGA and its autocatalysis [22, 23]. However, PLGA composited with hydroxyapatite did
not display significant buffering capabilities [24, 25]. Polymer-polymer blends have also
been formed by combining PLGA or PLA with polymers that produce products of basic
nature, such as polyphosphazene and other amino acid-derived polymers. This strategy also
developed a number of biomaterial compaositions with tunable physical and biological
properties [26-30]. Both these approaches were successful in terms of creating new
biomaterial compositions, however failed to produce polyester biomaterials with neutral
degradation products.

Recently, biodegradable metals (Mg, Zn and Fe) and alloys have been developed as an
alternative to biodegradable polymers as biomaterials [31]. Among those, magnesium (Mg)
and its alloys have attracted attention due to lightweight, bone like mechanical properties,
and osteoconductive properties, along with the fact that Mg is already prevalent within the
body. [32-36]. Additionally, Mg is essential to bone metabolism and enzymatic reactions in
the body. Uncontrolled degradation and hydrogen gas production are the chief concerns
associated with Mg alone as a biomaterial. However, these concerns are mitigated by
alloying Mg with other metals such as Al and Zn [32, 37, 38].

In this work, we propose to develop self-neutralizing polymer/metal composite biomaterials
by combining PLGA with Mg metal/alloys. It is known that magnesium or magnesium
alloys produce magnesium hydroxide, which is basic (pH>7), upon degradation. Therefore,
it is hypothesized that the basic degradation product of the Mg metal or alloy will buffer the
acidic degradation of the PLGA. Additionally, the PLGA matrix will serve to slow down
corrosion of the Mg particles. Through forming PLGA/Mg composites, we expect to
develop a new class of biomaterials with synergistically improved physico-chemical as well
as biological properties. In this manuscript, a series of PLGA-Mg metal/alloy composite
biomaterials were reported and investigated the effect of Mg metal/alloy addition on PLGA
degradation and biocompatibility.

2. Materials and Methods

2.1 PLGA/Mg Composite Preparation

PLGA, PLGA-Mg, and PLGA-ZK61 composite films were fabricated using a solvent
casting method [28, 30] followed by drying. Briefly, 1.0 g of PLGA 85/15 (Lakeshore
Biomaterials) was dissolved in dichloromethane (Fisher Scientific) in a ratio of 1:5 g:mL.
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Pre-calculated amounts of pure Mg or Mg-Zn Alloy (ZK61; 94.5% Mg, 5% Zn, TangShan
WeiHao Magnesium Powder Co. China) powder (40 um average diameter) were added to
the polymer solution to form composites with 1, 3, 5, and 10 wt% Mg metal or Mg-Zn alloy.
The solution was vortexed for 30 min before casting into a 150 mm polystyrene petri dish
lined with Bytac® paper and left to air dry for 24 hours at 4°C. After the solvent
evaporation, the films were dried for 24 hours at room temperature and stored in a desiccator
until use. Films were bored into 12 mm diameter circles and 20 mm long and 7 mm width
strips. The circular samples were used for degradation, biomineralization and cell studies
while the strips were used for mechanical testing.

2.2 Mechanical Characterization

Tensile testing of the PLGA and PLGA-Mg composite films (0.2 mm thick, 70 mm long and
7 mm width, n=6/group) was performed at a rate of 2mm/min with 20 mm initial grip
separation (Instron 5544, Instron Corp., MA) following the standard protocol of ASTM
D882 [39]. In brief, the samples were elongated by 10 mm (in addition to the original
length) and the corresponding stress strain values were recorded. The tensile strength and
modulus were calculated based on the recorded stress-strain data using the associated
software, Bluehill 3.

2.3 Degradation

To assess the ability of Mg to buffer and slow the degradation of a PLGA matrix, 12 mm
diameter films were completely submerged and degraded in 10 mL of phosphate buffered
saline (PBS) at 47°C. The groups tested consist of PBS control, pure PLGA (85:15), and
composite films PLGA-Mg and PLGA-ZK61 composed of 1, 3, 5, and 10% Mg or ZK61
Mg-Zn alloy. Elevated temperatures have been shown to accelerate PLGA degradation [40-
42], and 47°C was used to obtain a reasonable timeframe for the experiment. The pH was
measured once every two days until the films were completely degraded. To simulate the /n
vivo conditions (degradation product clearance through diffusion), the degradation studies
were also done under sink condition, where the degradation media was replaced with fresh
PBS once in 7 days. The solution pH was measured before each media change to capture
true pH change within the time period. The measurement is followed with a reset of pH to
7.4 by replenishing with fresh PBS. PLGA and PLGA-Mg composites with 5 wt% of Mg
were studied for degradation using the sink conditions.

2.4 Biomineralization analysis

To assess the effect of Mg addition and concentration on mineral deposition, the PLGA-Mg
films with compositions of 0, 1, 3, 5, and 10 % w/w were subjected for biomineralization in
vitro. The films were immersed in 15 mL of 1.5x simulated body fluid (SBF) to expedite the
mineralization and kept at a constant temperature of 37 °C. Samples were removed after 14
days, and the SBF solution was refreshed every 2 days. The SBF was prepared using a well-
established protocol [43, 44] and all chemicals used for the preparations were obtained from
Sigma-Aldrich, MO.

Post-biomineralization, the samples were rinsed with double distilled water to remove
remaining SBF and air-dried. The dried samples were then sputter coated with gold/
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palladium (E5100, Polaron) and examined using a scanning electron microscope (Nova
NanoSEM 450, FEI). X-ray Energy Dispersive Spectroscopy (EDS) was also performed
using Oxford Aztec Energy Microanalysis System with X-Max 80 Silicon Drift Detector to
determine the atomic compositions of calcium apatites formed during the process. The
atomic compositions from EDS were roughly quantified to a Ca:P ratio to determine the
effect of Mg on the apatite composition formed.

2.5 In vitro evaluation

To assess the ability of the composite films to support cell compatibility and
osteoconduction, MC3T3-E1 mouse pre-osteoblast cells were seeded onto films and cultured
for 21 days in vitro. For these studies, the samples were sterilized in 70% ethanol and
exposed to UV radiation on both sides for 15 minutes each prior to cell culture. Sterilized
5% PLGA-Mg and 5% PLGA-ZK61 composite films were seeded with a total of 25,000
cells and cultured in standard /n vitro osteoblast differentiation media (a-minimal essential
medium, 10% fetal bovine serum, 1% penicillin/streptomycin, 10 nM Dexamethasone, 50
pg/mL ascorbic acid, and 10 mM B-glycerophosphate) in 48-well tissue culture plates, and
kept at 37°C and 5% CO,, replacing the media every 2-3 days.

2.6 Cell Proliferation

Cell proliferation was quantitatively analyzed using a fluorescent dsDNA assay (Quanti-iT
PicoGreen dsDNA assay, Invitrogen) as described in previous work [45]. At days 1, 7, 14,
and 21, cellularized films were taken out of culture and washed with PBS. Cells were then
permeabilized with ImL of 1% Triton X-100 for 30 minutes and run through three freeze-
thaw cycles at -70°C and room temperature, respectively. Subsequently, Quanti-iT
PicoGreen reagent was added to each well and incubated at room temperature for 10
minutes. The plates were then measured for fluorescence at 485 nm/535 nm using a Synergy
HT plate reader (BioTek Instruments, Inc., Vermont). The measured fluorescence was used
in accordance with the standard curve constructed using standard A-DNA to quantify the
DNA content of the lysate.

2.7 Alkaline Phosphatase (ALP) Activity

Alkaline phosphatase activity of cells cultured on the films was colormetrically analyzed
using an ALP substrate kit (Bio-Rad) as mentioned in previous work [3]. The same cell
lysate from days 1, 7, 14 and 21 from the cell proliferation assay were used to analyze ALP
activity. In brief, 100 uL of a p-nitrophenyl phosphate (p-NPP) solution was added to 25 uL
cell lysate and incubated at 37°C for 30 min to allow ALP to convert p-NPP into p-
nitrophenol (p-NP). The reaction was stopped using 125 pL of 0.4M NaOH. The plates were
then read for absorption at 405 nm using a plate reader and normalized with corresponding
DNA concentration of the lysate.

2.8 Mineralization Assay

Mineralized matrix synthesis by the seeded cells was evaluated using alizarin red staining
and calcium quantification protocol used in previous work [6]. Colorimetric analysis is
based on the solubility of the alizarin red-matrix complex solubility in a cetylpryidinium
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chloride (CPC, Sigma Aldrich) solution. Briefly, at days 14 and 21 cellularized composite
films were washed with distilled water and fixed with 70% ethanol at 4°C for 20 minutes.
The ethanol was then removed and allowed to air-dry. Samples were then covered and
incubated with alizarin red dye (pH 4.23, Sigma Aldrich) for 10 minutes at room
temperature. Samples were washed multiple times with distilled water to remove excess
alizarin red dye and washed once with PBS before solubilizing the dye-matrix complex.
10% (w/v) CPC was added to the samples to solubilize the dye-matrix complex and allowed
to incubate for 15 minutes at room temperature. Acellular film for each group was used as
an internal control. The plates were then read for absorption at 562 nm using a TECAN plate
reader.

2.9 Statistical Analysis

3. Results

For mechanical strength data analysis, one-way analysis of variance (ANOVA) was used
followed by Tukey's Multiple Comparison Test. For cell proliferation, ALP activity, and
mineralization analysis, a two-way analysis of variance (ANOVA) was performed to
compare data. Error is reported in figures as standard deviation and significance was
reported using a probability value of p < 0.050

3.1 Magnesium particle distribution

Magnesium particle dispersion in PLGA-Mg films were imaged under a bright field optical
microscope for particle dispersion. Optical micrographs recorded for composites with Mg
content 1, 3, 5, and 10 wt% are shown in Figure 1. For lower Mg content, composite films
displayed relatively homogeneous particle distribution. As the Mg content increased from 1
to 10% there seemed some level of particle agglomeration, which is evident with the 10%
Mg loading, as shown in Figure 1. Based on this observation, the current study limits Mg
loading up to 10 wt%.

3.2 Mechanical Reinforcement

In order to assess mechanical reinforcement from the dispersed Mg metal/alloy particles,
PLGA-Mg composites were subjected for mechanical strength measurements in tensile
mode. As shown in Figure 2, there is a general increasing trend with increasing the amount
of Mg content. The increase in modulus is not significant for the lower levels of Mg (1-3 wt
%). A significant increase in modulus was seen for the 5 and 10% Mg compositions in
comparison to the rest of the groups, with 35-40% increase in modulus compared to PLGA.
These results evidence mechanical property tunability by altering the amount of Mg loaded.

3.3 PLGA acidic by-product neutralization

Through pH monitoring of the degradation solution, it was observed that addition of pure
Mg or Mg ZK#61 alloy could reduce the rapid changes in pH displayed by the PLGA-only
films (Figure 3) and allow for the neutralization of the acidic degradation of PLGA. For
PLGA-only films, a large drop in pH was observed after 3 weeks of degradation, and the
film was fully degraded in about 6 weeks. In contrast, PLGA-Mg composite samples
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displayed an initial increase in pH, which was stabilized around pH 7 about a week into the
degradation, while the increase in pH was varied based on the Mg composition.

The 1% PLGA-Mg sample displayed a similar degradation profile to the PLGA sample and
only showed a small initial increase in pH. The 1% PLGA-Mg sample also fully degraded in
about 6 weeks and reached a final degradation solution pH of 2.607 + 0.026. On the other
hand, the 10% PLGA-Mg composite took twice as long to fully degrade and reached a final
pH of 3.943 £ 0.045. This sample showed the greatest initial increase in pH, but did not
display a rapid pH decrease after the initial increase, exhibiting markedly slower decrease in
pH than the 1% PLGA-Mg samples. Each increase in Mg concentration resulted in a slower
decline in pH and slower degradation rate (Figure 3). Composite films composed of ZK61
alloy also displayed a trend similar to that of the PLGA-Mg composites.

In a follow up study, the degradation media was replaced every 7 days, referred to as sink
condition, to simulate the body fluid circulation and waste removal. The PLGA- 5wt% Mg
samples were chosen for further study due to its neutral degradation profile and improved
tensile modulus. The study displays an initial increase in pH and a nearly neutral
degradation profile, as shown in Figure 4. Comparatively, the PLGA sample displayed much
larger swings in pH, with each sharp increase in pH corresponding to replacement of the
degradation media (Figure 4). It is important to note that the observed swings in the case of
PLGA are absent with composites due to Mg buffering capacity of the PLGA acidic
degradation products.

3.4 Effect of Mg addition on PLGA bio mineralization

Biomineralization studies of PLGA-Mg films were conducted to assess the ability to
nucleate hydroxyapatite when placed in a simulated physiological environment, using 1.5 x
SBF. SEM images recorded after 14 days of biomineralization show mineral nucleation and
growth for PLGA and composite films (Figure 5). The mineral deposits ranged from isolated
crystals less than 10 um in diameter seen in PLGA-only samples to the large aggregates and
coating seen in the 5 and 10% PLGA-Mg samples. The isolated crystals displayed a
spherical morphology with plate-like microstructure, evident on the surface of the crystals,
that eventually fused together to form the aggregates seen in the samples with higher Mg
content. Furthermore, it was observed that the composites with higher Mg content displayed
greater amounts of mineral deposition.

The samples were further analyzed using EDS to determine the deposited mineral
composition. The calcium to phosphate ratio was used to confirm whether the mineral
formed is hydroxyapatite. As shown in Figure 6, the Ca:P ratios were found to be between
1.539-1.766, with no significant difference between the groups and no obvious trend in Ca:P
ratio was observed. Also since the Ca:P ratio of pure hydroxyapatite is 1.667, and the
inherent imprecisions of EDS as quantitative data, the deposits were believed to be
hydroxyapatite. The EDS was further used to provide spatial distribution of the
hydroxyapatite. Calcium and phosphorous mapping recorded for PLGA and PLGA-5wt%
Mg are presented in Figure 7. It was found that for the composites, calcium and phosphorous
presence coincided precisely with the presence of Mg atoms, indicating Mg induced
biomineralization.
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3.5 PLGA-Mg Composite osteocompatibility evaluation in vitro

The quantitative cell proliferation and normalized ALP expression are shown in Figure 8.
Cell proliferation remained low on day 1 and 7 until a significant rise by day 14. On day 14
and 21, Figure 8A, the number of cells on both the PLGA-Mg and ZK61 films were
significantly higher than the number of cells on the pure PLGA films. There was no
significant difference in number of cells between the three groups on day 1 and 7.
Additionally there was no significant growth in cell number between days 14 and 21 for all
samples. On day 14 and 21, Figure 8B, the ALP expression, normalized to cell proliferation,
on both the PLGA-Mg and ZK61 Mg alloy films was significantly higher when compared to
the pure PLGA film, and very little ALP expression was seen from the cells cultured on pure
PLGA films. Additionally, there was a significant increase in ALP expression on both the
Mg and ZK61 films between day 14 and 21. There was no significant differences in cell
proliferation and ALP activity between the Mg and ZK61 films.

The cellular performance assessed by mineralization is shown in Figure 9. Cells cultured on
the Mg and ZK61 films displayed significantly more mineralization when compared to the
PLGA counterpart on both day 14 and 21 samples. Additionally, a near two-fold increase in
cell mineralization was seen on the Mg films between day 14 and day 21, while no increase
in mineralization was seen on the pure PLGA films. The PLGA-ZK61 composite films also
showed an increase in mineralization between day 14 and 21, but to a smaller degree when
compared with the PLGA-Mg films. Finally, there was no significant difference observed
between the Mg and ZK61 films.

4. Discussion

The current study aimed to improve the performance of biodegradable polyesters, in
particular PLGA, by forming composites with biodegradable Mg metal or alloys. Mg was
chosen as suitable filler as it is a biocompatible metal that degrades into magnesium
hydroxide in water, which is basic in nature, and has been shown to be osteogenic previously
[46-48]. We developed PLGA composites with Mg and Mg alloy and examined the
effectiveness of the filler in improving PLGA mechanical strength, degradation
characteristics, and the osteogenic properties.

Pure Mg, when composited with PLGA, increased the tensile modulus of the PLGA films.
Tensile modulus increased as the particle loading increased, with a significant increase in
tensile modulus at a particle loading of 5%. It is possible that a critical concentration of
particles was reached at 5% loading that resulted in a significant increase in modulus.
Increased composite strength may be attributed to the inclusion of heterogeneously
dispersed solid particles. The inclusion of solid particles is expected to retard fracture
propagation by dispersing shear forces within the matrix [49-51]. Therefore, we suggest that
at 5% particle loading, the concentration of Mg particles is sufficient enough to disperse a
shear force when applied.

We proposed that the formation of the basic Mg(OH), through the degradation of Mg will
react with the acidic byproducts of PLGA, lactic acid and glycolic acid, resulting in pH
neutralization and slow down the degradation of the films. Accordingly, increased particle
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loading was shown to extend the period of time that the surrounding medium remained at a
near neutral pH, while displaying an initial increase in pH. The initial increase in pH
observed with the composite films may be attributed to the initial degradation of exposed
magnesium metal/alloy particles, as they spontaneously react with water and produce
magnesium hydroxide, which is basic in nature. Subsequent neutralization was then
observed due to the acidic degradation of PLGA. The rate of the drop in pH though was
lowered for the composite films, most likely due to the presence of the buffering Mg
degradation. In addition, samples with higher particle loading took longer to completely
degrade, with 10% Mg and ZK61 composites taking nearly double the degradation time in
comparison to control PLGA samples. With PLA and PLGA, it is known that decrease in pH
accelerates degradation through the low pH initiated degradation or autocatalysis [52-55].
Our degradation data confirms that by adding Mg metal or alloy we could keep pH closer to
7, which reduces the possibility of autocatalysis and enhanced degradation. Therefore, by
adding Mg or Mg alloys, we were able to neutralize acidic degradation, and extend the
degradation time and this could be used as an effective strategy to tailor PLGA degradation
time as needed.

The buffering effect of the incorporated Mg was also demonstrated using a sink condition to
simulate dynamic conditions (nutrient supply and waste removal) in the body. 5% Mg films
were chosen since they displayed the most neutral degradation profile as per the general
degradation results presented in Figure 3. In the sink condition study, we observed that the
presence of Mg allowed for the maintenance of a near neutral local environment, which was
not the case with the PLGA only samples. Therefore, when taking the body dynamic
conditions into consideration, the Mg strategy is proven to be effective in neutralizing the
PLGA produced acidic degradation products and maintaining a more neutral degradation
profile as seen in Figure 4. We also observed the formation of pore-like structures and
bubbles as it was degrading which can mostly likely be attributed to the evolution of
hydrogen gas, which is a by-product of the Mg reaction with water. Keeping this in mind, we
also included Mg alloy, ZK61, composition in our investigation, which is reported to release
less amount of hydrogen gas compared to Mg metal [32, 37].

Immersion of the PLGA-Mg composite films in SBF was used to study their
biocompatibility via biomineralization. SBF has been used previously to simulate in vivo
bioactivity, specifically for bone regeneration, as calcium apatite precipitation during
immersion has been correlated with the material possessing osteoconductive properties [32,
56]. As shown in Figure 5, increased mineralization was seen with increasing Mg content,
suggesting improved bioactivity of the composites. The precipitation of calcium apatites has
been seen previously when Mg and its alloys were immersed in SBF, which is reported to be
due to the increase in local ionic charge near the surface with the degradation of Mg. This is
expected to result in the migration and nucleation of ionic components of calcium apatites
[57, 58]. The distribution of Mg atoms seen in Figure 7 also suggests the incorporation of
Mg?2* in the calcium apatite nucleates, most likely in the place of Ca2*, suggesting the
increased mineralization was caused by the Mg in the film, as reported in the literature [48,
58]. Overall, the increased mineralization suggest that addition of Mg makes the film more
bioactive and favorable for osteogenesis through development of calcium apatite when
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exposed to the physiological solution after implantation, which was evidenced previously
when Mg alloys were implanted 7 vivo [59].

Both the Mg and Mg alloy scaffolds outperformed the control PLGA film in cell
proliferation, cell mineralization, and ALP activity. There was a significant increase in cell
proliferation on day 14 for the Mg and ZK61 samples (Figure 8A). Between day 14 and 21
however, no significant increase in cell proliferation was seen, which may be attributed to
the differentiation of the cell population. Evidence of cell differentiation is corroborated by
the ALP expression and mineralization data (Figure 8B, 9). Levels of ALP expression and
mineralization, well-known markers of osteogenic differentiation, rose significantly from
day 14 to 21 for the Mg and ZK61 films while the cell proliferation remained relatively
stagnant. Furthermore, the cells on the Mg and ZK®61 films displayed greater differentiation
compared to the cells on the pure PLGA films, presumably due to the osteogenic properties
of the Mg metal/alloy. Overall, the data supports our hypothesis that the inclusion of Mg and
ZK®61 particles can enhance cell growth and differentiation on the composite films. The
increased cell proliferation and differentiation is also demonstrated in other studies [46, 60,
61]. While there is no agreed mechanism behind the observed enhancement in bone growth
surrounding Mg orthopedic fixtures [61] the presence of local Mg and Mg alloys is reported
to increase the amount of intracellular Mg ions thereby increasing intracellular signaling
within the surrounding MSCs and osteoprogenitors. It is well known that Ca*2 ions
contribute to osteogenic differentiation [62—-64]. Mg is a bivalent cation like Calcium and we
suggest that Mg also may contribute to the process similar to Ca.

Although Mg has relatively low corrosion resistance compared to the conventionally used
metals, by creating a composite with PLGA, the degradation of Mg was slowed and was able
to continuously buffer the degradation of PLGA for the entire length of the study under sink
conditions. However, the degradation of Mg to basic Mg(OH), and hydrogen gas which can
form gas pockets within the tissue if degradation is left unchecked, was not addressed in this
study, yet we believe that the small amounts of Mg used in the current study will not
produce significant amounts of H, gas as the samples degrade. In addition, there are other
methods available to reduce H2 gas production, such as alloying Mg with other metals such
as Al and Zn.

5. Conclusions

Through this study, we developed a biodegradable polymer-metal composite system as a
new biomaterial platform. By forming PLGA composites with magnesium metal/alloy, we
were able to develop self-neutralizing PLGA biomaterial and this strategy could be easily
extended to other biodegradable polyesters. In addition, the mechanical strength of PLGA
was increased with the addition of magnesium particles, suggesting tunable mechanical
properties with respect to the magnesium metal/alloy content. Furthermore, the magnesium
addition enhanced cellular proliferation, osteogenic differentiation, and matrix production.
In conclusion, we have developed a new composite biomaterial platform with tunable
physico-chemical and improved biological properties. Overall, this study established self-
neutralizing polyesters that could be potentially developed into safe and biodegradable
implants and tissue engineering scaffolds.
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Figure 1.
Magnesium particle dispersion in PLGA-Mg composite films. Representative optical

micrographs of (A) PLGA only, and PLGA-Mg composites with (B) 1 wt% Mg, (C) 3 wt%
Mg, (D) 5 wt% Mg, and (E) 10 wt% Mg. Mg particles, seen in black, are evenly dispersed
throughout the film in concentration ranging from 0-5 wt%. Traces of Mg particle
agglomeration was seen in PLGA-Mg composite films with 10wt% of Mg (circled regions
in E show Mg particle agglomeration).
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Figure 2.
Effect of Mg loading on tensile modulus of the composite films. PLGA-Mg composite films

with varying Mg wt% loading were subjected for mechanical strength measurement in
tensile mode. An increase in tensile modulus of the composites was seen with increase in
Mg loading. The increase in the modulus is statistically significant for the composite groups
of 3 and 5 wt% of Mg (n=6; * = p <0.05).
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Figure 3.
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In vitro degradation profile of composite films. PLGA-Mg films of different Mg
concentrations were subjected to degradation at elevated temperature 47 C in PBS. (A)
degradation profile of composites using pure Mg particles. (B) Degradation profile of films
containing with the Zn-Mg alloy ZK61. For both pure Mg and Zn-Mg alloys, near neutral or
above pH 7 conditions were maintained for longer than the pure PLGA samples and
extended the duration of degradation. Initial increase in pH was also observed in samples
containing Mg or ZK61 alloy, that varied in intensity relative to the concentration of Mg or

Zn-Mg alloy.
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Figure 4.

Dynamic or sink condition degradation profile of PLGA-Mg films. /n vivo fluid clearance is
simulated /n vitro for the degradation of the PLGA-Mg composites at 47 C in PBS.
Degradation media was changed every 7 days to simulate the normal sink conditions in vivo.
The PLGA-Mg composites displayed a steady near neutral conditions throughout the
duration of the study. The PLGA alone group displayed sharp decreases in pH (highlighted
within red circles).
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Figureb.
In vitro biomineralization of the PLGA-Mg composites. The samples were immersed in 1.5

x for 14 days. Representative SEM micrographs show the deposited biomineral for (A)
PLGA, and (B-D) for composites with Mg content of 1, 3, and 5 wt%, respectively. Insert in
C shows representative close-up of apatite nucleates (Scale bar 10 uM). PLGA sample
showed small isolated nucleation of calcium apatite. The amount of apatite nucleation
increased with Mg concentration in composites, with 5 wt% samples displaying the greatest
amount of apatite nucleates with greater amount of surface coverage.
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Figure®6.

Biomineral composition and Ca to P ratio analysis. Mean Ca to P atomic ratio was obtained
from EDS analysis of the precipitates on the composite films. PLGA and PLGA-Mg samples
showed similar Ca:P ratio and did not differ with the amount of Mg loading. (n=3).
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Figure7.
Effect of Mg composition on /n vitro biomineralization. EDS elemental analysis of the

PLGA and PLGA-Mg composites after 14 day immersion in 1.5x SBF. The presence of Ca
(outlined in white and overlaid in other groups) and P groups were detected in the nucleates
for both polymer and composite groups, indicating formation of calcium apatite. The
precipitation of calcium apatite coincided with the presence of Mg in the PLGA-Mg
composite films, indicating a relationship between the increased local Mg concentration and
the calcium apatite nucleation and growth.
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Figure8.

In vitro biocompatibility. Mouse pre-osteoblastic (MC3T3-E1) cell performance and
osteogenic differentiation on PLGA, PLGA-Mg, and PLGA-ZK61 was assessed through
DNA quantification and ALP expression. (A) Cellular proliferation was analyzed using
Picogreen dsDNA assay. Increased cell proliferation for Mg and ZK61 samples was
observed at days 14 and 21, with little change in DNA concentration in PLGA group
throughout the study. (B) ALP expression was analyzed using an ALP assay kit and
normalized to DNA concentration. Increased ALP expression was seen between PLGA and
the composite groups at days 14 and 21. Significant increase in ALP expression between day
14 and 21 was also seen for the PLGA-Mg and PLGA-ZK61 samples (n=3* = p <0.05).
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Figure.

In vitro mineralization via Alizarin red staining and quantification. MC3T3-E1 pre-
osteoblastic cell induced mineralization for the PLGA and PLGA-Mg composite groups
after 14 and 21 days /n vitro. Mg or ZK61 alloy composite groups displayed significant
increases in mineral formation in comparison to PLGA alone group at 14 and 21 days. The
PLGA-Mg and PLGA-ZK61 samples also showed significant increase in mineralization
between day 14 and 21 (n=3* = p<0.05).

Biomed Mater. Author manuscript; available in PMC 2019 March 16.



	Abstract
	1. Introduction
	2. Materials and Methods
	2.1 PLGA/Mg Composite Preparation
	2.2 Mechanical Characterization
	2.3 Degradation
	2.4 Biomineralization analysis
	2.5 In vitro evaluation
	2.6 Cell Proliferation
	2.7 Alkaline Phosphatase (ALP) Activity
	2.8 Mineralization Assay
	2.9 Statistical Analysis

	3. Results
	3.1 Magnesium particle distribution
	3.2 Mechanical Reinforcement
	3.3 PLGA acidic by-product neutralization
	3.4 Effect of Mg addition on PLGA bio mineralization
	3.5 PLGA-Mg Composite osteocompatibility evaluation in vitro

	4. Discussion
	5. Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9

