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ABSTRACT: Polymer/ceramic nanocomposites integrated the
advantages of both polymers and ceramics for a wide range of
biomedical applications, such as bone tissue repair. Here, we reported
triphasic poly(lactic-co-glycolic acid) (PLGA, LA/GA = 90:10)
nanocomposites with improved dispersion of hydroxyapatite (HA)
and magnesium oxide (MgO) nanoparticles using a process that
integrated the benefits of ultrasonic energy and dual asymmetric
centrifugal mixing. We characterized the microstructure and
composition of the nanocomposites and evaluated the effects of the
HA/MgO ratios on degradation behavior and cell−material
interactions. The PLGA/HA/MgO nanocomposites were composed
of 70 wt % PLGA and 30 wt % nanoparticles made of 20:10, 25:5,
and 29:1% by weight of HA and MgO, respectively. The results showed that the nanocomposites had a homogeneous nanoparticle
distribution and as-designed elemental composition. The cell study indicated that reducing the MgO content in the triphasic
nanocomposite increased the BMSC adhesion density under both direct and indirect contact conditions. Specifically, after the 24
and 48 h of culture, the PLGA/HA/MgO group with a weight ratio of 70:29:1 (P70/H29/M1) exhibited the greatest average cell
adhesion density under direct and indirect contact conditions among triphasic nanocomposites. During a 28-day degradation study,
the mass loss of triphasic nanocomposites was 18 ± 2% for P70/H20/M10, 9 ± 2% for P70/H25/M5, and 7 ± 1% for P70/H29/
M1, demonstrating that MgO nanoparticles accelerated the degradation of the nanocomposites. Postculture analysis showed that the
pH values and Mg2+ ion concentrations in the media increased with increasing MgO content in the nanocomposites. Triphasic
nanocomposites provided different degradation profiles that can be tuned for different biomedical applications, especially when a
shorter or longer period of degradation would be desirable for optimal bone tissue regeneration. The concentration and ratio of
nanoparticles should be adjusted and optimized when other polymers with different degradation modes and rates are used in the
nanocomposites.
KEYWORDS: magnesium oxide (MgO), hydroxyapatite (HA), poly(lactic-co-glycolic acid) (PLGA), triphasic nanocomposites,
biodegradation, cell−material interactions, bone marrow-derived mesenchymal stem cells (BMSCs)

1. INTRODUCTION
There is a growing clinical need for bone tissue regeneration in
contemporary society with an aging population.1 Autograft is
considered as the “golden standard” for bone tissue repair since
they are osteoinductive, osteoconductive, and nonimmuno-
genic.2 However, limited supply, morbidity at the donor site,
and long operating hours have severely hampered the use of
autografts.2,3 Allograft is another type of osteoinductive and
osteoconductive material for bone regeneration, but their use
has been restricted by high cost, high risk of disease
transmission, and immunological rejection.4−6 To address the
aforementioned issues with autografts and allografts, bio-
materials such as polymers,7 ceramics,8,9 metals,10 and their
composites11,12 have been widely explored for bone regener-
ation.13 For example, polymers such as poly(L-lactic acid)
(PLLA)7 and poly(lactic-co-glycolic acid) (PLGA)14 have been

extensively studied and used for orthopedic applications due to
their excellent biocompatibility and biodegradability. Never-
theless, polymers typically have insufficient bioactivity and low
mechanical strength. Ceramics such as hydroxyapatite (HA)
have excellent bioactivity and relatively high mechanical
strength, but it can take years for crystalline HA to fully
degrade in the biological environment.15 To maximize the
efficacy for bone regeneration, it is highly desirable that
biomaterials could resemble bone tissue functionally, structur-
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ally, and mechanically. Natural bone is a nanocomposite
composed of nanostructured collagen as the polymer matrix
and a variety of calcium phosphates as the ceramic phases.
Similarly, polymer/ceramic nanocomposites incorporated the
benefits of both soft polymers and hard ceramics, which have
been extensively studied and employed in different biomedical
applications.16−18

HA has been widely used in the polymeric phase for
orthopedic applications since it is a well-established calcium
phosphate phase similar to naturally occurring bone minerals.
Nano-HA (nHA) is both osteoconductive and osteoinduc-
tive,19−21 which is essential for bone tissue regeneration.
Naturally occurring bone minerals contain a range of other
components such as zinc and magnesium, which are crucial for
biological activities.22,23 As a result, dopants such as Mg2+ are
sometimes added to HA synthesis to produce minerals that are
more comparable to those of natural bone. Preosteoclasts
exposed to calcium magnesium phosphate exhibited higher cell
adhesion density and higher expression of runt-related
transcription factor 2 (RUNX2), osteopontin (OPN), and
alkaline phosphatase (ALP) than HA alone.24 Other evidence
also supported the synergistic effects of Mg2+ and Ca2+ ions on
increasing cell proliferation and osteogenic activity of bone-
forming cells.24,25

Magnesium oxide nanoparticle (nMgO) is another type of
ceramic that is attractive for its antimicrobial properties and
biological benefits to bone-forming cells for bone regener-
ation.26−30 In our previous study, we systematically inves-
tigated the concentration-dependent behaviors of bone
marrow derived mesenchymal stem cells (BMSCs) toward
nMgO.30 Specifically, nMgO at the concentrations of 500−
2000 μg/mL decreased the adhesion density of newly seeded
BMSCs after 24 h of direct culture, and BMSC adhesion
density in the nMgO group of 200 μg/mL was statistically
greater than that of other nMgO groups. After 24, 48, and 72 h
of direct exposure culture, nMgO enhanced the proliferation of
BMSCs at low doses of 200 μg/mL, but decreased the cell
proliferation at high doses of >300 μg/mL.30 Previous studies
have utilized nMgO in composites with biodegradable
polymers such as PLLA and PLGA for bone regeneration
applications.18,27 Hickey et al. reported that osteoblasts
cultured on PLLA/MgO composites exhibited an increase in
adhesion density and proliferation in vitro.27 It also has been
shown that PLGA loaded with 30% of nMgO decreased cell
viability.18 As a result, it is necessary to optimize the
concentrations of nMgO to benefit from its positive effects
on cell proliferation while minimizing unfavorable consequen-
ces.

Table 1. Composition of Triphasic Nanocomposites of PLGA/HA/MgO and Subsequent Biphasic and Single-Phase Controlsa

abbreviations material components (mg)
component concentration in

culture (mg/mL) comments

PLGA HA MgO PLGA HA MgO

triphasic nanocomposites P70/H20/M10 12 3.4 1.7 4 1.13 0.56 70% P, 20% H, and 10% M
P70/H25/M5 11.6 4.2 0.8 3.86 1.4 0.26 70% P, 25% H, and 5% M
P70/H29/M1 11.4 4.7 0.2 3.8 1.56 0.06 70% P, 29% H, and 1% M

biphasic nanocomposites P70/H20 12 3.4 0 4 1.13 0 P70/H20/M10-M10
77.78% P and 22.22% H

P70/H25 11.6 4.2 0 3.86 1.4 0 P70/H25/M5-M5
73.68% P and 26.32% H

P70/H29 11.4 4.7 0 3.8 1.56 0 P70/H29/M1-M1
70.07% P and 29.29% H

P70/H30 11.3 4.9 0 3.76 1.63 0 70% P and 30% H
P70/M30 11.5 0 4.9 3.83 0 1.63 70% P and 30% M
P70/M10 12 0 1.7 4 0 0.56 P70/H20/M10-H20

77.78% P and 22.22% M
P70/M5 11.6 0 0.8 3.86 0 0.26 P70/H25/M5-H25

93.33% P and 6.67% M
P70/M1 11.4 0 0.2 3.8 0 0.06 P70/H29/M1-H29

98.59% P and 1.41% M
H20/M10 0 3.4 1.7 0 1.13 0.56 P70/H20/M10-P70
H25/M5 0 4.2 0.8 0 1.4 0.26 P70/H25/M5-P70
H29/M1 0 4.7 0.2 0 1.56 0.06 P70/H29/M1-P70

single-phase controls P70 12 0 0 4 0 0 P70/H20/M10-H20-M10
H20 0 3.4 0 0 1.13 0 P70/H20/M10-P70-M10
H25 0 4.2 0 0 1.4 0 P70/H25/M5-P70-M5
H29 0 4.7 0 0 1.56 0 P70/H29/M1-P70-M1
H30 0 4.9 0 0 1.63 0 P70/301-P70
M30 0 0 4.9 0 0 1.63 P70/M30-P70
M10 0 0 1.7 0 0 0.56 P70/H20/M10-P70-H20
M5 0 0 0.8 0 0 0.26 P70/H25/M5-P70-H25
M1 0 0 0.2 0 0 0.06 P70/H29/M1-P70-H29

aThe amount of each component is listed as the mass in mg for a single 1 cm2 scaffold. Compositions of triphasic nanocomposites and biphasic and
single-phase controls and relationships between groups are shown in the “Comments” column. For example, the comment for P70/H20 is “P70/
H20/M10-M10”, which indicates that biphasic P70/H20 as a control for triphasic P70/H20/M10 is similar to it but 10% MgO (M10) is
subtracted.
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The objectives of this article were to engineer the ratios of
HA and MgO nanoparticles well-dispersed in triphasic PLGA/
HA/MgO nanocomposites and to evaluate the potential
synergistic effects of HA and MgO nanoparticles on
degradation behavior and cell−material interactions of
triphasic nanocomposites. PLGA, a copolymer of poly(lactic
acid) (PLA) and poly(glycolic acid) (PGA), was utilized as the
polymeric matrix for nanoparticle incorporation. PLGA is a
well-known biodegradable polymeric material used for
biomedical applications.31,32 PLGA-based drug delivery im-
plants, such as Zoladex implant for delivering luteinizing
hormone-releasing hormone agonist for treating hormone
receptor-positive breast cancer and prostate cancer, have been
approved by the US Food and Drug Administration.33,34

Although PLGA nanocomposites incorporating HA or MgO
nanoparticles have been widely developed, systematic studies
on the composition-microstructure−property relationships of
triphasic PLGA/HA/MgO nanocomposites are currently
limited. Moreover, the dispersion of nanoparticles has a
significant impact on the performance of nanocomposites for
biomedical applications, which was mostly overlooked in
previous studies. We systematically investigated the effects of
composition and nanoparticle dispersion on the cell−material
interactions and biodegradation behavior of PLGA/HA/MgO
triphasic nanocomposites in this study and elucidated the
composition-microstructure−property relationships for engi-
neering triphasic polymer/ceramic nanocomposites toward
different biomedical applications such as bone repair.

2. MATERIALS AND METHODS
2.1. Preparation of MgO. MgO nanoparticles were purchased

from US Research Nanomaterials Inc. (US3310, 99+% purity, 20 nm
diameter). MgO nanoparticles were sterilized in a glass container via
heating at 200 °C in an oven for 1 h, prior to use in nanocomposites
and exposure to physiologically relevant fluids.
2.2. Preparation of HA. HA was synthesized through wet

precipitation as previously published.18,35,36 Briefly, 1 M Ca(NO3)2
was added dropwise to 0.6 M (NH4)2HPO4 at 40 °C at a rate of 30
drops per minute. This mixture underwent stirring for 20 h for
reaction and precipitation of particles. The resulting particle and
solution mixture were centrifuged at 3000 rpm for 1 min. The
supernatant was discarded, and the particles were resuspended in
deionized (DI) water. The centrifuging and resuspension in DI water
were repeated 3 times to remove excess ammonia. After washing, the
pellet was resuspended in DI water and transferred to an acid
digestion bomb for hydrothermal treatment at 200 °C for 20 h. The
suspension was then collected and centrifuged, followed by removal of
the supernatant. The resulting particles were dried under vacuum at
80 °C for 12 h and then ground using a mortar and pestle. Prior to
use in the preparation of composites or cell culture, the nHA was
disinfected by heating in an oven at 200 °C for 1 h.
2.3. Nanocomposites. 2.3.1. Synthesis. Composites were

synthesized via mechanical dispersion and solvent casting as
previously described.18 PLGA/HA/MgO composites maintained a
weight ratio of 7:3 for polymer/nanoparticles. The 30% nanoparticles
were split between HA and MgO as 20:10, 25:5, and 29:1 and
compared with biphasic nanocomposites of PLGA/MgO and PLGA/
HA where each nanoparticle represented the whole 30%. Controls
were developed for each triphasic composite. The amount of each
component present in a scaffold is detailed in Table 1.
In a 20 mL vial, 0.443 g of PLGA (90:10 LA: GA, MW 125 kDa,

AP49, Polyscitech) was added to 3.5 mL of chloroform (CHCl3,
Fisher Scientific). The resulting solution was sonicated in a low-power
ultrasonic bath (Symphony, VWR) at 40 °C for 1 h to fully dissolve
the polymer. HA was then added to the solution and incorporated by
vortexing for 1 min, followed by speed mixing [dual asymmetric

centrifugal (DAC) 150.1 FVZ-K, FlackTek, Inc.] at 2500 rpm for 5
min. The suspension then underwent high-powered probe sonication
(Qsonica, Q125) for 10 min, with pulses of 5 s on and 5 s off. The
suspension underwent a total of 3 cycles of high-powered sonication
and speed mixing, ending with speed mixing at 3500 rpm for 5 min to
improve the dispersion and remove bubbles. The suspension was then
poured into an 8.3 cm by 4 cm Teflon dish, where the chloroform was
allowed to evaporate in the air for 24 h. The nanocomposite was then
placed back into a 20 mL vial, and 4 mL of chloroform was added.
Low-powered sonication, speed mixing, and high-powered sonication
were performed using the same cycles as the previous day. The
suspension was then poured into a Teflon dish where chloroform was
allowed to evaporate for 24 h in ambient conditions, followed by an
additional 48 h of evaporation under vacuum. All biphasic controls,
including PLGA/HA, were synthesized by using this same protocol.
However, PLGA/MgO with 70:30 wt %, utilized 4.5 mL of
chloroform for the first round of suspension and 4 mL of chloroform
during the second round of suspension. This was necessary for
samples with 30% MgO because of the interactions of MgO with
polyesters that increased viscosity.37

The resulting scaffolds were cut into 10 mm × 10 mm squares with
a thickness of 0.1 mm to be used in cell studies. Each scaffold was
disinfected by soaking in 100% ethanol for 24 h before cell culture
and degradation studies.

2.3.2. Characterization. A representative scaffold from each group
was characterized via scanning electron microscopy (SEM, Philips
XL30) to evaluate surface topography and attached energy-dispersive
X-ray spectrometry (EDS, EDAX Leap detector) to confirm elemental
composition. In preparation for SEM/EDS analysis, each composite
was adhered to an aluminum SEM pin mount with copper tape. The
mounted samples were then coated with platinum and palladium (Pt/
Pd) by using a sputter-coater (108 Auto, Cressington). All SEM
images were taken using a secondary electron detector at an
accelerating voltage of 2 kV, a spot size of 3, a working distance of
10 mm, and a magnification of 10,000×. EDS was performed on the
entire image area under the same conditions except the accelerating
voltage was raised to 10 kV.
2.4. BMSC Culture. 2.4.1. Cell Culture. BMSCs were extracted

from the femur and tibia of Sprague−Dawley rat weanlings according
to previously established protocols, approved by the Institutional
Animal Care and Use Committee at the University of California at
Riverside.30,35,36,38 BMSCs were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) with 10% fetal bovine serum and 1%
penicillin/streptomycin (P/S) by volume, herein referred to as just
DMEM. BMSCs were cultured in standard cell culture conditions at
37 °C with 5% CO2/95% air in a humidified environment (MCO-
19AIC, Sanyo Scientific). BMSCs at their second passage were
cultured to 90% confluency for use in cell experiments.

2.4.2. Culture on Nanocomposites. Nanocomposites were placed
in wells of 12-well tissue culture treated plates (TCTP, Corning,
Falcon 353043). Each composite was placed into its respective well
and then rinsed with 2 mL of phosphate-buffered saline. Then 1 mL
of DMEM was added to each composite well. The mass of the
nanoparticles and the resulting concentration for bare nanoparticles
are shown in Table 1. The nanoparticle controls were suspended via
pipetting in 1 mL of DMEM and transferred to their respective wells.
BMSCs at the second passage were seeded at a density of 10,000
cells/cm2 directly onto the disinfected scaffolds in 2 mL of DMEM,
bringing the total media volume in each well to 3 mL. The cells were
cultured with scaffolds and controls for 24 h. Certain groups of
nanocomposites and controls were eliminated from further culture for
48 h, if their cell density decreased after the 24-h culture. The
remaining groups were cultured for 48 h. Media was exchanged every
24 h. At the end of each respective time point of 24 or 48 h, media
was collected for further analysis. At the end of the prescribed 24 or
48 h of culture, BMSCs were fixed with 4% paraformaldehyde in PBS
and stained with 4′,6-diamidino-2-Phenylindole, dihydrochloride
(DAPI, Life Technologies), and Alexa Fluor 488 phalloidin (Life
Technologies) to image the nuclei and cytoskeleton, respectively.
BMSCs were imaged under a fluorescence microscope (Nikon Eclipse

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c14712
ACS Appl. Mater. Interfaces 2025, 17, 3852−3865

3854

www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c14712?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Ti), and 10 images were collected for each well. The fluorescence
images of two stains were merged, and the cells were counted using
the quantitative analysis tools in ImageJ. Then cell density was
calculated as adherent cells per unit area.

2.4.3. Postculture Media Analysis. Immediately after collection,
the pH of the media was determined using a benchtop pH meter
(Symphony SB70P, VWR) to limit the effects of atmospheric CO2 on
the bicarbonate buffering system present in DMEM. Each media
sample was then diluted 1:100 in DI water to prepare for analysis via
induced coupled plasma−optical emission spectrometry (ICP-OES,
Optima 8000, PerkinElmer). ICP-OES analysis was used to obtain
media concentrations of Mg2+ and Ca2+ to evaluate the release of ions
from the composites. Solutions of Mg2+ and Ca2+ at concentrations of
0.5, 1, and 5 ppm in nitric acid were used to generate a standard curve
for all Mg2+ and Ca2+ measurements, respectively. Measurements were
recorded as milligrams per liter for Mg and micrograms (μg) per liter
for Ca. These values were then converted to mM by dividing by the
molecular weight of Mg (24.305 g/mol) and Ca (40.078 g/mol) for
each and dividing by 1000 in the case of Ca converting μM to mM.
2.5. Degradation Study. 2.5.1. Sterilization of Nanocompo-

sites. To mimic cellular conditions, the composites were disinfected in
100% ethanol as previously described in preparation for the
degradation study.

2.5.2. Degradation in DMEM. Samples were placed in wells of 12
well plates and rinsed with PBS, as described for the cell study. Then,
3 mL of complete DMEM was added to each well and samples were

placed in the incubator for 24 h, 48 h, 72 h, 5 days, 7 days, 14 days,
and 28 days. At each time point, media was collected, and samples
were rinsed in PBS and then allowed to dry. The dry postculture
weight was measured at each time point, and the media underwent
pH measurements and ICP-OES analysis.

2.5.3. Post Degradation Mass Change. Mass loss was calculated
as a percentage of (Mi − Mf)/Mi × 100%, where Mi was the initial
mass and Mf was the mass of the composite at its respective time
points.

2.5.4. Post Degradation Media Analysis. The media from the
acellular degradation study underwent the same analysis as that
described in the cell culture. The pH was measured soon after
collection to minimize the effects of atmospheric CO2 and
temperature. The media was then diluted 1:100 in DI water for
ICP-OES analysis, which was used to measure free Mg2+ and Ca2+
ions.
2.6. Statistical Analysis. All experiments were run in triplicate.

All data sets were analyzed using one-way analysis of variance,
followed by the Tukey honest significant difference (HSD) post hoc
test. Statistical significance was considered at p < 0.05.

3. RESULTS AND DISCUSSION
3.1. Microstructure and Composition of Nanocom-

posites. As shown in Figure 1A, SEM was utilized to show the
surface topography of the triphasic composites and controls.

Figure 1. Microstructure and elemental composition of triphasic and biphasic nanocomposites and controls. (A) SEM micrographs showing the
top surface of triphasic PLGA/HA/MgO, biphasic PLGA/HA and PLGA/MgO, and PLGA controls, at the original magnification of 10,000×. (B)
Atomic percent of elements in the triphasic and biphasic nanocomposites and PLGA control as quantified by EDS analyses on the image areas for
each corresponding sample in (A).
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All three triphasic nanocomposites of P70/H20/M10, P70/
H25/M5, and P70/29/M1 exhibited homogeneous distribu-
tion of nanoparticles, though P70/H20/M10 and P70/H25/
M5 had larger agglomerates than P70/H29/M1. Biphasic
PLGA/HA and PLGA/MgO controls also exhibited an even
distribution of visible nanoparticles. As shown in Figure 1B,
EDS was utilized to confirm the elemental composition of each
nanocomposite. As expected, all the triphasic and biphasic
nanocomposites and PLGA control showed atomic percen-
tages of different elements that were consistent with their
designed composition.
3.2. Cell Morphology and Adhesion Density after

Culture with Nanocomposites and Controls. Figure 2
shows representative fluorescence images of cells that were
adhered to the samples (direct contact) and to the well-plate
surrounding the respective samples (indirect contact) as well
as cells in the groups of nanoparticle controls and cell-only
reference after 24 h of direct culture. As shown in Figure 2A,
BMSCs adhered on each triphasic PLGA/HA/MgO nano-
composite, biphasic nanocomposite, control, and reference and
all showed normal morphology. Cells that adhered to the plate
surrounding the samples also exhibited normal morphology.
However, the group with the highest MgO content (P70/
M30) showed visibly fewer cells with a relatively smaller cell
spreading area than the other groups. Figure 2B shows that
both nanoparticle controls of HA/MgO and MgO-only groups
exhibited MgO dose-dependent BMSC adhesion densities.
Specifically, nanoparticle groups with a higher MgO concen-
tration such as H20/M10, M30, and M10 showed fewer

adhered cells than their counterparts with lower MgO
concentrations such as H29/M1, M5, and M1.
Figure 3 shows representative fluorescence images of cells

that were adhered to the samples (direct contact) and to the
well-plate surrounding the respective samples (indirect
contact) as well as cells in the groups of nanoparticle controls
and cell-only reference after 48 h of direct culture. As shown in
Figure 3A, BMSCs in direct and indirect contact with the
respective samples all exhibited normal morphology after 48 h
of direct culture. The cell number in each image taken after 48
h of direct culture was greater than its corresponding number
taken after 24 h, because of cell proliferation over time. In the
groups of triphasic nanocomposites, cells under direct and
indirect contact conditions were abundant with approximate
confluency ranging from 80 to 90%. In Figure 3B, visibly fewer
cells were found in the nanoparticle groups of H25/M5 and
H29/M1 compared to those in the other groups. Images are
not shown for the nanoparticle groups where no cells were
found, such as H20/M10, M10, and M30.
Figure 4A and Table S1 show quantitative BMSC adhesion

density under direct and indirect contact conditions after 24 h
of direct culture. Under direct contact conditions, all the
groups of polymer/ceramic nanocomposites and polymer
control exhibited significantly lower cell adhesion density
compared to Ti and Glass references. Among the triphasic
nanocomposites, the P70/H29/M1 group showed the highest
average cell adhesion density. The P70/H29/M1 group also
had a statistically higher cell adhesion density than its biphasic
nanocomposite controls of P70/H29 and P70/M1. Moreover,

Figure 2. Representative fluorescence images of BMSCs after 24 h of direct culture. (A) BMSCs adhered directly to the scaffolds of interest and
controls and to TCTP surrounding the scaffolds and controls. (B) BMSCs cultured with nanoparticle controls and BMSCs in the reference group.
Scale bar is 100 μm.
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the groups of biphasic nanocomposites exhibited nanoparticle
dose-dependent BMSC adhesion densities on the samples. For
instance, the groups of P70/H30 and P70/H29 had lower
average cell adhesion densities than groups of P70/H25 and
P70/H20; and the groups of P70/M30 and P70/M10
exhibited lower average cell adhesion densities than P70/M5
and P70/M1. Under indirect contact conditions, the cell
adhesion density on the triphasic samples increased when
decreasing the MgO concentration in the nanocomposite, and
P70/H29/M1 group showed the highest average cell adhesion
density among the triphasic nanocomposites. Both triphasic
groups of P70/H25/M5 and P70/H20/M10 showed higher
average cell adhesion densities than its biphasic controls, while
the triphasic group of P70/H29/M1 had lower average cell
adhesion density than its biphasic control of P70/H29. In
average, all the triphasic groups showed higher cell adhesion
densities than their corresponding nanoparticle controls. The
nanoparticle groups of M30 and M10 showed near to 0 viable
cells.
The quantified cell adhesion density after 48 h of culture is

shown in Figure 4B. Under direct contact conditions, on
average, cell adhesion densities on triphasic groups were higher

than that of their corresponding biphasic groups. The P70/
H29/M1 showed a higher average cell adhesion density than
P70/H25/M5, but no statistical difference was detected.
Under indirect contact conditions, the triphasic group of
P70/H29/M1 showed higher average cell adhesion density
than its biphasic controls, while the triphasic group of P70/
H25/M5 had lower cell adhesion density than its biphasic
control of P70/H25. P70/H29/M1 showed a higher average
cell adhesion density than P70/H25/M5, but no statistical
difference was detected. All groups of nanoparticles, except for
M1, showed a significant decrease in cell adhesion density
when compared to Glass and TCTP references.
3.3. Postculture Medium Analysis for pH and Mg2+

and Ca2+ Concentrations. As shown in Figure 5A and Table
S2, the pH of media differed between the samples after 24 and
48 h of culture. After 24 h of culture, the average pH values of
media in the triphasic nanocomposite groups were higher in a
range of 8.25−8.37, and the values increased with increasing
MgO content in the nanocomposites. As expected, the M30
group had the highest pH value, which was statistically greater
than all other samples. After 48 h of culture, the pH value of all
the groups was lower in a range of 7.8−7.95, possibly because

Figure 3. Representative fluorescence images of BMSCs after 48 h of direct culture. (A) BMSCs adhered directly to the scaffolds of interest and
controls and to TCTP surrounding the scaffolds and controls. (B) BMSCs cultured with nanoparticle controls and BMSCs in the reference group.
Scale bar is 100 μm.
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of the reduction in OH− ion release and the presence of the
bicarbonate buffer in the media.
As shown in Figure 5B and Table S2, the release of Mg2+

ions corresponded with the amount of MgO in samples
cultured for 24 h. As expected, the groups with higher MgO
content showed a higher Mg2+ concentration in the media, and
all the groups without MgO exhibited similar Mg2+
concentration in the media. After 48 h of culture, the Mg2+
ion concentrations in the triphasic nanocomposite groups and
the biphasic nanocomposite groups increased, but the trend
among different samples was similar to that in 24 h of culture.
Ca2+ concentrations in the media after 24 h of culture are

shown in Figure 5C and Table S2. All the polymer/ceramic
nanocomposite groups showed a similar Ca2+ concentration in
the media. All the nanoparticle groups, except for M1, had
lower average Ca2+ concentration than their polymer/ceramic
nanocomposite counterparts and references of TCTP and
DMEM. After 48 h of culture, the general trend of Ca2+
concentration among different samples was similar to that in
24 h of culture. After 48 h of culture, the Ca2+ ion

concentrations of triphasic nanocomposites of P70/H25/M5
and P70/H29/M1 decreased slightly when compared with that
after 24 h.
3.4. Degradation Behavior of PLGA/HA/MgO over 28

Days of Immersion. As shown in Figure 6 and Table S3, all
PLGA-based nanocomposites showed significant mass loss
over 28 days. During degradation, the physical appearance of
each nanocomposite and polymer control changed over time,
as shown in Figure S1. Specifically, all the samples showed
increased opacity over the 28-day submersion. PLGA degrades
through hydrolysis of its ester linkages, leading to the observed
increase in opacity.39,40 Samples with higher MgO content,
particularly P70/H20/M10 and P70/M30, became more
fragile after 14 and 28 days of degradation. Two of the three
samples of P70/H20/M10 and one of the P70/M30 samples
broke into several pieces that could no longer be handled after
28 days and are therefore not included in Figure S1. MgO
containing samples of PLGA/HA/MgO and PLGA/MgO
nanocomposites exhibited a MgO concentration-dependent
degradation rate. Specifically, for triphasic nanocomposites, the

Figure 4. Quantitative adhesion density of BMSCs after 24 and 48 h of direct culture. (A) BMSC adhesion density under direct (left bar graph)
and indirect (right bar graph) contact conditions after 24 h of direct culture. (B) BMSC adhesion density under direct (left bar graph) and indirect
(right bar graph) contact conditions after 48 h of direct culture. Values are shown as mean ± standard deviation (n = 3); *p < 0.05.
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samples with higher MgO concentration exhibited greater mass
loss at all the time points. Among PLGA/MgO nano-

composites, P70/M30 showed the greatest mass loss over 28
days of immersion. Interestingly, all the MgO-containing
samples underwent a rapid mass loss after 24 h of immersion,
followed by a subsequent slowing of degradation. Biphasic
nanocomposite of P70/M30 degraded faster than that of P70/
H30.
Figure 7 shows media analyses after each prescribed time

point up to 28 days of culture with each composite and control
under acellular conditions. In general, the pH value of all the
samples gradually decreased over the 28 days, and the values
were in the range of 7.9−8.7, as shown in Figure 7A and Table
S4. Samples with bare MgO resulted in a significant increase in
pH when compared with the TCTP control over 14 days of
immersion. The increase in pH from these groups of
nanoparticles diminished at later time points, and no statistical
difference was detected between these samples and TCTP
control after 28 days. As shown in Figure 7B and Table S5, as
expected, MgO-containing samples showed a significant
increase in Mg2+ concentration when compared to other

Figure 5. Analyses of postculture media after BMSC culture with triphasic and biphasic nanocomposites and controls. (A) pH values of media after
24 h (left bar graph) and 48 h (right bar graph) of culture. (B) Mg2+ ion concentration in the media after 24 h (left bar graph) and 48 h (right bar
graph) of culture. (C) Ca2+ ion concentration in the media after 24 h (left bar graph) and 48 h (right bar graph) of culture. Values are shown as
mean ± standard deviation (n = 3); *p < 0.05.

Figure 6. Degradation behavior of triphasic and biphasic nano-
composites and PLGA control. The 3D graph showing the percent
mass loss of the nanocomposites and PLGA control to their initial
mass, after each prescribed time point over 28 days of degradation in
DMEM without cells (acellular conditions).
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sample groups and the TCTP reference. Overall, the highest
Mg2+ concentrations of MgO-containing sample groups were
measured after 24 h of immersion in DMEM, indicating the
burst release of Mg2+ ions. Interestingly, P70/M30 showed
cycles of rapid increase and decrease of Mg2+ concentrations
over 28 days, indicating multiple phases of degradation and
Mg2+ release. Figure 7C and Table S6 show that all of the HA
containing groups, especially HA and HA/MgO nanoparticle
groups, exhibited a decrease of Ca2+ concentration in the
media over 28 days, indicating that these materials may
increase the calcium depositions.
3.5. Improved Nanoparticle Dispersion Is Important

for Microstructure and Properties of Nanocomposites.
As demonstrated in the materials science tetrahedron for a
given application, the performance, property, micro-to-nano
structure, and processing of a material are interrelated. The
incorporation of bioactive nanoparticles such as HA and MgO
into the PLGA matrix alters the composition, bioactivity,
surface morphology, hydrophilicity, microstructure, and
degradation behavior of triphasic nanocomposites, thus
providing tunability for their performance in bone tissue
regeneration. Distribution of the nanoparticles may signifi-
cantly affect the above-mentioned properties. For example,
Wetteland and Liu reported that PLGA (LA/GA = 50:50)
with 30 wt % agglomerated MgO nanoparticles showed
significantly higher cell adhesion density than PLGA with 30
wt % well-dispersed MgO nanoparticles.18 This is because well-

dispersed MgO nanoparticles increased direct contact of MgO
with BMSCs and the high-level direct exposure of MgO on the
top surface is detrimental to cells.18 In order to optimize the
concentration and ratio of nanoparticles in nanocomposites, it
is crucial to achieve a homogeneous dispersion of nanoparticles
within the polymeric matrix and thus minimize the variability
resulting from agglomeration. However, nanoparticles have
relatively high specific surface areas, and their addition to a
polymer solution would dramatically increase the viscosity of
the slurry, which might be detrimental to its uniform
distribution in the composites. Nanoparticles such as MgO
can further increase the viscosity of the slurry because of the
interactions between nanoparticles and polyesters.37 The
mechanical approach of integrating high-power sonication
and DAC speed mixing enhanced the dispersion of nano-
particles in the composites. Our previous study demonstrated
that the integration of these two mixing processes significantly
enhanced uniform dispersion of respective HA and MgO
nanoparticles in PLGA matrix when compared with the
traditional high-power sonication only approach.18 The
mechanical mixing approach avoided the toxicity concerns
associated with chemical-based surface modification ap-
proaches for improving the dispersion of nanoparticles. The
synergistic regulation of HA and MgO on the degradation
behavior and in vivo osteogenesis of PLGA/HA/MgO
composites are beneficial for bone tissue regeneration.41 In
addition to composition, the dispersion of nanoparticles played
important roles in the microstructure and properties of
triphasic nanocomposites, such as biodegradation behavior
and cell−material interactions.
3.6. Discussion on the Factors Affecting the

Degradation of Nanocomposites�PLGA Composition,
nHA, nMgO, and Environment. The degradation of
triphasic PLGA/HA/MgO nanocomposites involves degrada-
tion of PLGA as well as dissociation of MgO and HA
nanoparticles, as shown in Figure 8A. Upon exposure to cell
culture media, MgO nanoparticles started to dissociate and
release degradation products, such as OH− and Mg2+ ions,
when exposed to water. Because of water diffusion, the PLGA
matrix started to degrade through hydrolysis of its ester
linkages and exhibit the mode of bulk erosion. The dissociation
of MgO and release of MgO and HA nanoparticles occurred
continuously during the polymer degradation. HA nano-
particles utilized in this study had relatively high crystallinity
due to the hydrothermal treatment. It may take months or
years for the released HA nanoparticles to degrade
completely.42

The PLGA matrix and the incorporated HA and MgO
nanoparticles determined the degradation rate of triphasic
nanocomposites interdependently, as shown in Figure 8B. For
the polymeric matrix of PLGA, the degradation rate is tunable
by varying the ratio of LA to GA.43 Specifically, Miller et al.
reported that the degradation rate of PLGA increased and then
dropped, when increasing the ratio of LA/GA.43 At a LA/GA
ratio of 50:50, PLGA showed the greatest degradation rate.43

PLA is a type of hydrophobic material that has low water
diffusion, exhibiting relatively slow hydrolytic decomposition.
PGA has a high crystallinity of 45−55%, also resulting in a
comparatively low degradation rate. The blending of PLA and
PGA balances the hydrophobicity and crystallinity of PLGA,
leading to the highest degradation rate at an LA/GA ratio of
50:50. PLGA utilized in this article had a LA/GA ratio of

Figure 7. Media analyses after each prescribed time point up to 28
days of culture with each composite and control in acellular
conditions. (A) pH values of media. (B) Mg2+ ion concentration in
the media. (C) Ca2+ ion concentration in the media. Values are shown
as mean ± standard deviation (n = 3); *p < 0.05.
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90:10, and the hydrophobicity decreased the water diffusion, as
well as the degradation rate.
The incorporation of nanoparticles could accelerate or

decelerate the process of polymer erosion. Previous research
has indicated that the addition of HA decreased the
degradation rate of several polymers such as PLGA (LA/GA
= 50:50),44 PLLA,45 and PLA.46 On the one hand, HA is a
material with a relatively low dissociation rate, and the addition
of HA helps reduce the water diffusion in polymer nano-
composites. On the other hand, degradation of PLGA results
in the generation of acidic products, and HA embedded in the
polymeric matrix may reduce the possibility of acidic self-
catalysis effect, thus decelerating the degradation of compo-
sites.45 MgO incorporated in the PLGA matrix, however, has
been demonstrated to accelerate the degradation of the
composite.41 The hygroscopic nature of MgO contributed to
water diffusion in the nanocomposite, accelerating the
hydrolytic decomposition of ester linkages in PLGA. More-
over, the dissociation of MgO resulted in the release of OH−

ions, which neutralized the acidic degradation products of

PLGA and then increased the pH of the medium to an alkaline
level. The elevated pH of the media can accelerate the
hydrolysis process of ester bond.47 The bicarbonate buffer in
the media attenuated the influence of MgO nanoparticles on
pH change (Figure 7A and Table S4), which is consistent to
our previous results.18,36 Our previous study on bare MgO and
Mg(OH)2 found that these nanoparticles dissociated when
exposed to DMEM. The dissociation of MgO and Mg(OH)2 is
pH-dependent.48 Fruhwirth et al. showed that MgO
dissociated at a pH of 7−8.5, with an overall reaction of
MgO + H2O → Mg2+ + 2 (OH)−.49 The buffer present in
DMEM could modulate the pH to be in this range, thereby
facilitating the dissociation of MgO. MgO is also known for its
conversion to Mg(OH)2 in water. However, the release of
Mg2+ from the nanocomposites was observed, similar to the
behavior of bare MgO nanoparticles in DMEM, thus
supporting the idea that MgO dissociated to ions eventually.
MgO could have been either dissociated directly or dissociated
after conversion to Mg(OH)2. In our previous studies on bare
MgO nanoparticles, Mg(OH)2 was found in the remaining
particles after bare MgO was immersed in DMEM,48 and there
are two possible processes for the formation of Mg(OH)2. One
possibility is precipitation of Mg(OH)2 from Mg2+ and OH−

ions after MgO dissociated; and another possibility is
conversion of MgO to Mg(OH)2 due to hydration of their
shared crystal face. However, both MgO and Mg(OH)2
particles have been shown to dissociate in DMEM. For the
nanocomposites, the pH and buffering effects of DMEM are
more likely to have a greater effect on the overall degradation
behaviors of nanocomposites than the possible intermediate
conversion of MgO to Mg(OH)2, since both MgO and
Mg(OH)2 eventually dissociated to ions in DMEM. The
dissociation of MgO also explained why the MgO-containing
samples underwent a rapid mass loss after 24 h of immersion,
followed by a subsequent reduction of degradation rate during
28 days of immersion (Figure 6 and Table S3). Since HA and
MgO showed opposing effects on the PLGA degradation, the
degradation rate of the triphasic PLGA/HA/MgO nano-
composites is tunable by controlling the concentration and
ratio of HA and MgO, as well as the LA/GA ratio of the PLGA
matrix. In this study, well-dispersed MgO nanoparticles might
have played a dominant role in accelerating the degradation
process, since all the triphasic samples degraded faster than
PLGA control (Figures S1 and 6).
In addition to intrinsic factors such as material composition,

environmental factors can also influence the degradation
behavior of the polymer/ceramic nanocomposites. For
example, the presence of cells in the culture media may
accelerate the degradation of some materials when compared
with their counterparts cultured in the same media without
cells. These materials can be degraded by enzymes, which are
secreted by cells, similarly to how microorganisms degrade the
biodegradable materials. Cells may also accelerate the
metabolic processes of the degradation products, such as
nanoparticles, short-chained polymers, and oligomers. For
example, BMSCs cultured with the magnetic hyaluronic acid
hydrogels can uptake the released magnetic nanoparticles
during the degradation of the hydrogels.50 Moreover, mineral
deposition may form on the material surface during the
degradation process, which could influence the degradation
rate of the implant. For example, mineral depositions such as
Mg3(PO4)2·8H2O, MgCO3·3H2O, and CaCO3 were found on
the Mg alloys of ZC21 and ZSr41 after the in vivo study, and

Figure 8. Effects of nanoparticle incorporation on degradation
behavior of triphasic nanocomposites and cell responses. (A)
Degradation process of triphasic nanocomposites. (B) Schematic
diagram showing the inter-relations among HA, MgO, PLGA erosion,
and nanocomposite degradation. (C) Schematic diagram showing the
inter-relations among processing, property, micro-to-nano structure,
and performance (i.e., cell response) of triphasic nanocomposites.
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these depositions could reduce the weight loss of the
material.10 In this article, the mineral deposition may decrease
the degradation rate in HA-containing samples since all these
sample groups showed decreased Ca2+ ion concentration in the
media after cell culture and degradation study, suggesting the
formation of calcium-containing mineral deposition (Figures
5C and 7C).
3.7. Discussion on the Cell Responses to Nano-

composites with nHA and nMgO. Figure 8C illustrates the
interactive relationships among the processing, nano-to-micro
structure, property, and performance of cell response to
triphasic nanocomposites. During the bone healing process,
the implanted materials influence cells under both direct and
indirect contact conditions. The direct culture method utilized
in this article evaluated the responses of newly seeded cells that
adhered to samples (direct contact) and to the well-plate
surrounding the materials (indirect contact).38

Cells under direct contact conditions are influenced by
multiple factors including material processing such as addition
of nanoparticles and mixing techniques for integration and
distribution, material structure such as surface morphology and
microstructure, and material property such as surface
bioactivity, surface hydrophilicity, and degradation rate.51

Cells under indirect contact conditions, however, are mainly
affected by media environments regulated by the degradation
of materials. In recent decades, extensive studies have been
conducted to investigate the effects of these factors on cell−
material interactions. For example, Xu et al. reported that
fibroblasts (NIH 3T3) seeded on the 4-arm poly(ethylene
glycol)-block-poly(L-glutamic acid) hydrogels modified with
arginylglycylaspartic acid (RGD) showed statistically greater
adhesion density than cells on the hydrogels without RGD
modification, indicating the effects of surface bioactivity on cell
adhesion.52 In another example, Khorasani et al. investigated
the effects of hydrophilicity of polymer films on the cell
responses. The results showed that B65 cells (from neural
tissue) seeded on the O2 plasma-treated PLLA and PLGA
(PLA/PGA = 50:50) films (water contact angle: 10° for PLLA
and 36.6° for PLGA) exhibited enhanced adhesion and
proliferation than cells on their corresponding nontreated
PLLA and PLGA films (water contact angle: 85° for PLLA and
74.5° for PLGA).53 Moreover, Yang et al. reported that
osteoblasts adhered on the spherical nanocrystalline diamond
exhibited statistically greater spreading area than cells adhered
on the chunky submicrometer-crystalline diamond and
polyhedral/cubic micrometer-crystalline diamond, which
suggested that cell responses were influenced by the surface
microstructure and morphology.54

In this study, the above-mentioned factors in processing,
surface, microstructure, and property could influence the cell
responses interdependently since these factors are inter-related,
as demonstrated in Figure 8C. For example, the mixing
technique enhanced dispersion of HA and MgO nanoparticles;
and the dispersion of nanoparticles in the PLGA matrix altered
the surface morphology and microstructure of the nano-
composites. The addition of HA and MgO as bioactive
components also modified the bioactivity of nanocomposites.
The hydrophilic nature of HA and MgO nanoparticles
enhanced surface hydrophilicity of nanocomposites. Moreover,
the nanoparticle dispersion techniques, concentration and ratio
of the nanoparticles, and PLGA type used in the processing
determined the degradation rate of the nanocomposites, which
has significant effects on cell−material interactions. The

degradation behavior of the nanocomposites dominated the
changes in cell culture media such as pH value, ion
concentrations, and release of nanoparticles, which affects the
cell responses under both direct and indirect contact
conditions. For example, the dissociation of MgO nano-
particles elevated the pH of the media, while the acidic
degradation products of PLGA decreased the pH value, and
the changes in pH caused by nanocomposites with varying
degradation rates affected the cell responses. Moreover, earlier
research has shown that media containing 5−10 mM Mg2+
ions (MgSO4) enhanced BMSC proliferation when compared
with the original cell culture media with 0.8 mM Mg2+ ions.55

The Mg2+ ions released from the PLGA/HA/MgO nano-
composite (Figures 5B and 7B) were in a safe range. It has
been reported that the culture media supplemented with up to
27.6 mM Mg2+ ions did not induce any detectable adverse
effects on BMSC responses.35 In addition, nanoparticles had
dose-dependent toxicity in cell cultures, as shown by the
findings of the nanoparticle control groups (Figure 4). The
degradation rate of the nanocomposite determined the release
rate of nanoparticles into the media, thus influencing the cell
responses. Moreover, the released nanoparticles had a higher
contact area with media and cells when compared with their
counterparts embedded in the polymeric matrix. The
accelerated dissociation of these released nanoparticles also
increased the pH and ion concentration in the media, which
contributed to the observed cell−material interactions. In
general, to control cell−material interactions, it is crucial to
optimize the processing parameters to achieve the desired
micro-to-nano structures of material and properties, especially
considering the relationships of these factors, as illustrated in
the materials science tetrahedron concept in Figure 8C.
To achieve the best performance in different bone tissue

regeneration applications, multiple aspects, such as cell−
material interactions, biodegradation rate, and bone healing
time, should be considered comprehensively. For example, in
the scenario where the bone healing process is relatively rapid
(e.g., pediatric patients), triphasic nanocomposites with a
higher MgO content such as P70/H20/M10 and P70/H25/
M5 may be selected. Nanocomposites with a lower
degradation rate, such as P70/H29/M1 may be utilized
when the bone regeneration process is slower (e.g., elder
patients). The appropriate concentration and ratio of HA and
MgO nanoparticles in the nanocomposites may vary when a
different polymeric matrix is utilized. For example, Hickey et al.
investigated PLLA with 10% HA and 10% MgO and
discovered an increase in the density of primary human
osteoblasts compared to PLLA with 20% HA.27 However, no
statistical difference in cell adhesion density was detected
between the groups of PLGA/HA/MgO with 10% MgO and
20% HA and PLGA/HA composites with 20% HA, after 24
and 48 h of culture in our study (Figure 5). This may be
related to variations in degradation rates of two different
polymers. PLGA tends to degrade more rapidly than PLLA,
resulting in a greater rate of MgO release, which resulted in
different cell responses. Moreover, nanocomposites with
different porous structures or porosities may have different
degradation rates due to variations in water diffusion capability.
In this case, the concentration and ratio of nanoparticles in the
nanocomposites should be modified to obtain the desired
degradation rate.
3.8. Future Directions. This article provides critical

information to optimize material composition and nanoparticle
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dispersion of triphasic nanocomposites for bone regeneration
from the perspective of degradation and cell responses of
nanocomposites. In the next step, osteogenic differentiation of
BMSCs cultured on the PLGA/HA/MgO nanocomposites
should be further evaluated in vitro using long-term culture
and biochemical assays such as ALP activity, collagen assay,
and calcium assay. The expression of osteogenic genes, such as
RUNX2, osterix (Osx), and osteocalcin (OCN), may be
studied using real-time PCR to further access the osteogenic
capability of different nanocomposites. Moreover, the potential
of these nanocomposites for bone regeneration should be
assessed in vivo using relevant animal models such as the
rodent calvarial defect model. New bone formation at the
defect sites can be evaluated through microcomputed
tomography, hematoxylin and eosin (H&E) staining, and
Masson’s trichrome staining. Immunohistochemistry (IHC)
staining for OCN could be used to assess osteoblastic
differentiation and mineralization in the future.

4. CONCLUSIONS
In this article, we successfully prepared triphasic PLGA/HA/
MgO nanocomposites with improved nanoparticle dispersion
by using a process that integrated the benefits of ultrasonic
energy and DAC mixing. The as-prepared triphasic nano-
composites exhibited a homogeneous nanoparticle distribution
and as-designed elemental composition. BMSC adhesion
density under both direct and indirect contact conditions
increased with decreasing MgO content in the triphasic
nanocomposites. Moreover, MgO nanoparticles in the PLGA
matrix accelerated the degradation of triphasic nanocompo-
sites. Cell culture and degradation studies indicated that pH
and Mg2+ ion concentrations in the media increased when
increasing the MgO content of the triphasic nanocomposites.
This article evaluated the synergistic effects of HA and MgO
on degradation behavior and cell−material interactions of
triphasic nanocomposites and suggested that P70/H29/M1
may be used when the bone healing process is slow, while P70/
H25/M5 or P70/H20/M10 may be considered when the bone
healing is relatively rapid. The concentration and ratio of
nanoparticles in different biodegradable polymers should be
modified and fine-tuned based on the degradation behaviors of
the polymeric matrix.
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