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ABSTRACT: Biodegradable polymers have been extensively used in biomedical applications, ranging from regenerative
medicine to medical devices. However, the acidic byproducts resulting from degradation can generate vigorous
inﬂammatory reactions, often leading to clinical failure. We present an approach to prevent acid-induced inﬂammatory
responses associated with biodegradable polymers, here poly(lactide-co-glycolide), by using oligo(lactide)-grafted
magnesium hydroxide (Mg(OH)2) nanoparticles, which neutralize the acidic environment. In particular, we demonstrated
that incorporating the modiﬁed Mg(OH)2 nanoparticles within degradable coatings on drug-eluting arterial stents
eﬃciently attenuates the inﬂammatory response and in-stent intimal thickening by more than 97 and 60%, respectively, in
the porcine coronary artery, compared with that of drug-eluting stent control. We also observed that decreased
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inﬂammation allows better reconstruction of mouse renal glomeruli in a kidney tissue regeneration model. Such modiﬁed Mg(OH)2
nanoparticles may be useful to extend the applicability and improve clinical success of biodegradable devices used in various
biomedical ﬁelds.
KEYWORDS: biodegradable polymers, inﬂammation, magnesium hydroxide, neutralization, biomedical applications
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At this rate, the aggregated Mg(OH)2 particles in PLGA matrix will
not suﬃciently neutralize the acidic degradation products. The
aggregated Mg(OH)2 may have accelerated degradation reaction
of PLGA by attacking the backbone of contacting polymer rather
than dispersedly and uniformly dissociating into Mg2+ and OH−
ions and neutralizing the acidic byproducts. Although the reactions to foreign bodies are minimized by rapid degradation and
elimination of PLGA, tissue damage still occurs due to the formation of acidic materials over a short period.23,24
In this study, we report the suppression of PLGA byproducttriggered cell death and inﬂammation by using a neutralization
system based on the incorporation of Mg(OH)2 nanoparticles.
Achieving this feature required us to overcome Mg(OH)2
aggregation in nonpolar organic solvents.25 This was done by
using hydrophobic nanosized Mg(OH)2 particles. To modulate
the homogeneous state of Mg(OH)2 in organic solvents, we
changed the polarity of Mg(OH)2 from a hydrophilic to a
hydrophobic state by grafting lipid ligands onto the surfaces of
the particles.25−27 We chose ricinoleic acid (RA) as the lipid
ligand. RA has a hydroxyl group that can act as an initiator for
polymerization of L-lactide (L-LA) and is known to have an antiinﬂammatory eﬀect.28 Finally, oligolactide-grafted Mg(OH)2
(RA-Mg-OLA) was prepared by ring-opening polymerization
(ROP) of L-lactide (L-LA), leading to prevention of aggregation
of Mg(OH)2 nanoparticles (Figure 1). The surface modiﬁed

iodegradable synthetic polymers have attracted considerable attention in the ﬁeld of biomedical research because
of some intrinsic properties such as batch uniformity,
predictable degradation rates, ease of chemical modiﬁcation, and
optimal control over mechanical properties. Moreover, hydrolytically degradable polyesters derived from lactic acid, glycolic
acid, and other α-hydroxyl acids such as poly(lactic-co-glycolic
acid) (PLGA) have been widely used as eﬀective materials in
tissue engineering, regenerative medicine, drug delivery systems,
surgical implants, and medical devices.1−4 Nevertheless, inherent
shortcomings remain associated with PLGA including induced
inﬂammation due to the acidic degradation products.5,6 Although
the acidic byproducts (i.e., lactic acid and glycolic acid) of PLGA
are ﬁnally absorbed by the Krebs cycle,7 chronic inﬂammation
can result from their local presence, limiting clinical success with
these important polymers in several applications, including vascular
interventions and tissue engineering.8 A recent example of a clinical
disappointment can be seen in a 3 year, >300 patient studies of an
everolimus-releasing poly(lactide)-based absorbable vascular scaffold used in coronary artery dilation, which did not perform as well
in late lumen loss as a biostable polymer-coated metal stent
releasing the same drug;9 this unfavorable result might be derived
from tissue reactions associated with degradation products.
To address these limitations, a large body of literature has
investigated multiple mixing strategies for preventing cell death
and inﬂammation following implantation of PLGA.10−12 Most
notably, Isakawa et al. reduced PLGA-induced inﬂammation in
ﬁbroblast cells by blending 2-methacryloyloxyethyl phosphorylcholine polymer, a cell membrane mimic, with PLGA.10 Yoon
et al. reported increased cell viability and decreased expression of
inﬂammatory cytokines after enriching PLGA with demineralized bone particles, which induce bone growth.11 Li et al.
reported decreased inﬂammatory reactions due to pH buﬀering
eﬀects of hydroxyapatite incorporated in degrading PLGA
scaﬀolds.12 Even though these attempts reduced inﬂammatory
response by promoting cell growth, absolutely nothing was
resolved in the essential cause of acid-induced inﬂammation
resulting from PLGA degradation.
In a previous study, we showed that the byproducts of
degraded PLLA were eﬀectively neutralized by magnesium
hydroxide (Mg(OH)2) particles despite the poor dispersion of
aggregated Mg(OH)2 in PLLA matrices.13 When compared to
other biodegradable materials such as poly-L-lactide (PLLA),
PLGA shows the faster onset of inﬂammatory responses triggered by its rapid degradation.14 PLLA degradation is known to
occur over 1−2 years in vivo owing to its high crystallinity and
resistance to hydrolysis.15−17 By contrast, the degradation of
100 kDa PLGA with a lactide-to-glycolide ratio of 1:1 occurs
within 8 weeks in vivo.18−20 Also, PLGA biodegradation rates
increase at lower molecular weights and depend on the molar
ratio of lactide and glycolide. The penetration of water rapidly
occurs through the amorphous regions and contributes to the
degradation of PLGA by hydrolysis of its ester linkages. The ester
hydrolysis inevitably produces acidic byproducts which tend to
accumulate in the center of polymer matrix and induce autocatalysis leading to a further increase in the rate of hydrolysis and
resulting in bulk or heterogeneous erosion of polymer matrix.21,22

Figure 1. Preparation of RA-Mg-OLA nanoparticles to neutralize
PLGA matrices. RA-Mg-OH was prepared by modifying the surface
of Mg-OH particles with ricinoleic acid (RA), and RA-Mg-OLA was
prepared by ring-opening polymerization (ROP) of L-lactide
(5−20 wt %) from the RA hydroxyl group on RA-Mg-OH.

Mg(OH)2 nanoparticles uniformly dispersed in PLGA matrix
could improve the mechanical properties of PLGA-based
medical devices and neutralize the acidic degradation products
of PLGA to inhibit the inﬂammatory response.

RESULTS AND DISCUSSION
To synthesize surface-modiﬁed Mg(OH)2 nanoparticles with
OLA, a two-step process was performed as described above. First,
RA was bonded to the surface of the Mg(OH)2 nanoparticles at
diﬀerent ratios (Figure S1 and Table S1). Next, the RA-Mg-OLA
was synthesized using the hydroxyl group of RA on the surface of
the Mg(OH)2 as an initiator for OLA. The RA-Mg-OLA were
synthesized by ROP of L-LA (Figure 1): a series of RA-Mg-OLAs
obtained from RA-Mg-OH and L-LA were produced according
to feed ratios of Mg-OHs (Table S1). The obtained Mg(OH)2
nanoparticle size was 209 ± 101 nm when not modiﬁed.
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A signiﬁcant reduction to 43 ± 13 nm was obtained when the
modiﬁcation with RA was introduced (Figure S1 and S2).
We also observed that RA15-Mg-OLA nanoparticle sizes
increased as a function of OLA content (0−20 wt %; Figure 2a).
PLGA (MW, 40 kDa) composites of PLGA/Mg(OH)2,
PLGA/RA15-Mg-OH 15 wt %, PLGA/RA15-Mg-OLA5 5 wt %,
and PLGA/RA-Mg-OLA 15 wt % were prepared, and the
morphology, elemental distributions, neutralization eﬀect, and
mechanical properties were investigated (the percentage is the
weight percent of the Mg(OH)2 nanoparticles or their derivatives
relative to the total weight of PLGA composites). Morphological
analyses of PLGA/RA15-Mg-OLA5 (both 5 and 15 wt %) indicated smooth surfaces and highly uniform Mg element distributions compared with those of the PLGA control, PLGA/Mg(OH)2,
and PLGA/RA15-Mg-OH (Figure S3). These observations
indicate a good hydrophobic interaction between RA15-Mg-OLA5
and the surrounding PLGA matrix, whereas Mg(OH)2 alone and
RA15-Mg-OH formed aggregates due to hydrogen bonds between
Mg(OH)2 nanoparticles. Furthermore, previously reported
diﬀerences in surface roughness between the polymer containing
pure Mg(OH)2 and modiﬁed Mg(OH)229 were conﬁrmed by
the present contact angles measurements and scanning electron microscope (SEM) images (Figure S3). Based on these
results, we selected RA15-Mg-OLA5 with the best dispersion
stability with sub 100 nm size and performed the following
experiments.
Next, the mechanical properties of PLGA/Mg(OH)2, PLGA/
RA15-Mg-OH, and PLGA/RA15-Mg-OLA5 composites with
various particle contents (wt %) were investigated using a
universal testing machine (UTM) (Figure 2b and Figure S5). We
found that the tensile strength of PLGA ﬁlms containing RA15Mg-OH or RA15-Mg-OLA5 increased from 4 to 8 and 12 MPa
respectively, with increasing concentrations to 20 wt %. In
contrast, the tensile strength of PLGA/Mg(OH)2 containing
ﬁlms decreased from 4 to 2 MPa under the same conditions
(Figure 2b). Subsequently, the interfacial interaction parameter
(B value) was calculated for evaluating interaction forces
between PLGA ﬁlms and Mg(OH)2 nanoparticles.30 B values
at any relative yield stress showed the positive contributions of
RA15-Mg-OH and RA15-Mg-OLA5 to the mechanical properties of the PLGA matrix. Accordingly, B values for PLGA/
Mg(OH)2, PLGA/RA15-Mg-OH, and PLGA/RA15-Mg-OLA5
composites were 0.276, 6.286, and 9.274, respectively (Figure 2c).
In a second step, we aimed at quantifying the impact of
embedding modiﬁed Mg(OH)2 nanoparticles on the acidiﬁcation
of the cellular microenvironment. Figure 2d showed that PLGA,
PLGA/Mg(OH)2 (15 wt %), PLGA/RA-Mg-OH (15 wt %), and
PLGA/RA15-Mg-OLA5 (5 and 15 wt %) composite degradation
(37 °C and 100 rpm for 120 days) had diﬀerent impact on the
acidiﬁcation of the milieu. Native PLGA induced a rapid drop of
pH to around pH 4 at day 7 and maintained pH values below
3 for a while after that, whereas the pH of PLGA/Mg(OH)2
and PLGA/RA15-Mg-OH composites decreased to 5.6 and 6.3
respectively in 28 days, the pH increasing gradually afterward.
These observations suggest the accelerated formation of an acidic
environment following the abrupt degradation of the PLGA ﬁlm
from the onset of the experiment to day 28 stemmed in an
insuﬃcient neutralization of PLGA byproducts by the amounts
of Mg(OH)2 and RA15-Mg-OH present in the studied composites. In contrast, the pH of PLGA/RA15-Mg-OLA5 (15 wt %)
was maintained at close to neutral pH 7.1 for 28 days by equilibrating pH levels between acidic degradation products and
sustained release of magnesium ions (Figure 2d and Figure S4e).

The inherent acidity of PLGA degradation could harmfully
aﬀect cell activity and viability because of a highly acidic condition below pH 3, which has been shown to cause unfolding of
proteins and accelerated peptide bond hydrolysis in sustainedrelease protein formulations.31 When PLGA composites
(PLGA/RA15-Mg-OLA5, 0 to 20 wt %) were introduced into
cultures of human umbilical vein endothelial cells (HUVECs),
we found that the number of live cells increased with increases in
RA15-Mg-OLA5 contents from 0 to 20 wt %, and cell viability
approached 90% in the presence of 10 wt % RA15-Mg-OLA5
(Figure 2e), reﬂecting a good neutralization of acidic byproducts
(Figure 2d and Figure S4b). Moreover, we performed ELISA
analysis on treated HUVECs (Figure 2f) to quantify the
interleukin response upon exposure to the PLGA composites.
We found that high expression of IL-6, an important inﬂammatory factor, was triggered by the presence of 5 wt % of RA15Mg-OLA5 in the PLGA composite. On the other hand, IL-6
signiﬁcantly dropped to control levels when 10−20 wt % of
RA15-Mg-OLA5 composite was used. Similarly, when TNF-α
expression was quantiﬁed in treated U937 cells, a monocyte cell
line, similar proﬁles were obtained when compared to IL-6
expression in HUVECs (Figure S6). To further assess the antiinﬂammatory eﬀects of RA15-Mg-OLA5, the mechanism of
HUVECs death was scrutinized by separating between necrosis
and apoptosis processes. Flow cytometry (Figure 2g) and ﬂuorescent microscopy (Figure 2h) using a commercial annexin
V-FITC/propidium iodide (PI) kit showed that the degradation
products of PLGA/RA15-Mg-OLA5 decreased approximately
80% of double positive (annexin V and PI) cells compared with
PLGA treated controls. It also showed lower rates of the early
apoptotic cells (annexin V+/PI− cells). This demonstrates that
RA15-Mg-OLA5 addition ameliorates necrotic cell death
following PLGA degradation.
The applicability of surface-modiﬁed Mg(OH)2 nanoparticles
in the biodegradable polyester matrix was investigated further in
multiple in vivo studies including intracoronary stenting in a
porcine model for the neointimal formation and mouse partial
nephrectomy model for reconstruction of renal glomerular
tissue. To assess the feasibility of PLGA and modiﬁed Mg(OH)2
composites as biodegradable coating materials for drug-eluting
stent (DES) in the coronary artery, sirolimus-loaded PLGAcoated (DES control) and sirolimus-loaded PLGA/RA15-MgOLA5-coated (DES/RA-Mg-OLA; where the RA15-Mg-OLA5
was incorporated at 20 wt %) cobalt−chromium stents were
implanted in the major branches of the coronary arteries of pigs.
Since unmodiﬁed Mg(OH)2 particles cannot be dispersed in
volatile solvents, it is diﬃcult to apply the bare Mg(OH)2 to the
ultrasonic spray-coating process. Thus, the PLGA/Mg(OH)2
group was excluded from the experimental groups. At 28 days
follow-up, hematoxylin and eosin (H&E) and Carstairs’ ﬁbrin
staining revealed that the number of inﬂammatory cells and ﬁbrin
inﬁltrates surrounding the struts of the DES control sections
was greater than that of the surrounding DES/RA-Mg-OLA
(Figure 3a−d). Moreover, the internal elastic lamina (IEL) and
lumen areas increased, whereas injury scores, neointimal areas,
stenosis areas, ﬁbrin scores, and inﬂammation scores were
signiﬁcantly reduced in DES/RA-Mg-OLA when compared to
those of DES control (Table S2 and Figure 3e−k). Percent area
of stenosis in microcomputed tomography analysis showed a
signiﬁcant diﬀerence (20.5% in DES control vs 14.1% in DES/RAMg-OLA, p < 0.01; Figure 3i and m), i.e., that DES with RA-MgOLA was more eﬀective at preventing in-stent restenosis (ISR)
than the DES control. Accordingly, injury and inﬂammation
C
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Figure 2. Nanosized RA-Mg-OLA particles and the PLGA/RA-Mg-OLA composite. (a) Particle-size distributions of surface-modiﬁed RA-MgOLAs in toluene. (b, c) Tensile strengths and relative yield stress versus volume fractions of PLGA/Mg(OH)2, PLGA/RA15-Mg-OH, and PLGA/
RA15-Mg-OLA5 composites were determined using a universal testing machine (UTM). (d) pH changes of PLGA control, PLGA/Mg(OH)2
15 wt %, PLGA/RA15-Mg-OH 15 wt %, PLGA/RA15-Mg-OLA5 5 wt %, and PLGA/RA15-Mg-OLA5 15 wt % were measured in PBS for 120 days.
(e, f) Cell viability and IL-6 expression in human umbilical vein endothelial cells (HUVECs) cultured on PLGA and PLGA/RA-Mg-OLA ﬁlms with
varying concentrations of modiﬁed Mg(OH)2 particles were analyzed using CCK-8 and ELISA kits, respectively. (g, h) Apoptosis and necrosis of
HUVECs were determined using ﬂow cytometry and ﬂuorescent microscopy with a commercial Annexin V-FITC/propidium iodide (PI) kit.

induced the formation of neointima due to acidic degradation
byproducts of the PLGA coating. However, DES with the

modiﬁed Mg(OH)2 nanoparticles alleviated the inﬂammatory
responses by more than 97% and led to a 60% reduction in
D
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Figure 3. In vivo coronary implants of sirolimus-loaded PLGA coating stents (DES control) and DES containing modiﬁed magnesium hydroxide
(DES/RA-Mg-OLA). Representative H&E staining images at 4 weeks after stenting of implanted (a) DES control and (b) DES/RA-Mg-OLA
specimen (magniﬁcation, ×40). Carstairs’ ﬁbrin staining of ﬁbrin inﬁltration in low-power ﬁelds (magniﬁcation, ×40) of implanted (c) DES
control and (d) DES/RA-Mg-OLA specimens. Histomorphometric scores: (e) injury score; (f) internal elastic lamina (IEL) area; (g) lumen area;
(h) neointimal area; (i) % area stenosis; (j) ﬁbrin score; and (k) inﬂammation scores in DES control and DES/RA-Mg-OLA groups; N = 10 per
group; ANOVA, *p < 0.001 versus DES control group. Microcomputed tomography analyses of in-stent restenosis in (l) DES control and
(m) DES/RA-Mg-OLA groups.
E
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from Sigma-Aldrich (St. Louis, MO). L-Lactide (L-LA) was purchased
from Boehringer Ingelheim (Ingelheim, Germany) and used after
puriﬁcation process through recrystallization. PLGA (LA/GA 50:50,
MW 40000) was purchased from Evonik Industries (Essen, Germany).
The stannous octoate was dissolved in distilled toluene at a concentration of 1 wt %.
U-937 cells (monocytes), HUVECs, and endothelial growth
medium-2 (EGM-2) were obtained from Korean Cell Line Bank
(Seoul, Korea) and Lonza (Switzerland). Enzyme-linked immunosorbent assay (ELISA) kits for IL-6 and TNF-α were purchased from R&D
Systems Inc. (Minneapolis, MN). Roswell Park Memorial Institute
medium (RPMI 164), monoclonal antibodies against β-actin, and
polyclonal horseradish peroxidase-conjugated anti-IgG antibodies were
purchased from Invitrogen (Tokyo, Japan), Santa Cruz Biotechnology
(Santa Cruz, CA), and Abcam (Cambridge, UK) respectively.
Modiﬁcation of Mg(OH)2 Nanoparticles. Magnesium nitrate and
sodium hydroxide were dissolved in distilled water at concentrations
of 130 and 36 mg/mL, respectively, and stirred for 30 min at room
temperature. The magnesium nitrate solution was dropped into the
sodium hydroxide solution with 40 drops per min using a dropping
funnel. As a result, 6.8 g of Mg(OH)2 nanoparticles was obtained. Next,
RA-modiﬁed Mg(OH)2 nanoparticles (i.e., RA15-Mg-OH) were
synthesized by homogenizing mixtures of the as-synthesized Mg(OH)2
nanoparticles (10 g) and RA (9 g). The mixture of Mg(OH)2 nanoparticles and RA was dissolved in 250 mL of distilled water, homogenized at 15000 rpm for 3 min, and reﬂuxed at 80 °C for 8 h.
Subsequently, the phase separation occurred between RA-modiﬁed
Mg(OH)2 nanoparticles and water due to the hydrophobic properties
of RA. The prepared RA-modiﬁed magnesium hydroxide (RA-Mg-OH)
nanoparticles were dehydrated in a vacuum oven at 60 °C for 24 h after
ﬁltering, resulting in 11.61 g of RA-Mg-OH. The series of RA-Mg-OH
preparations were coded according to feed ratios of Mg(OH)2 and RA as
follows: RA5-Mg-OH, RA10-Mg-OH, and RA15-Mg-OH (Table S1).
To carry out ROP from the surface of Mg(OH)2 nanoparticles, the
synthesized RA15-Mg-OH (10 g) nanoparticles and L-LA (5 g) were
dissolved in 100 mL of toluene together with stannous octoate
(8.34 mg) as a catalyst and reacted in a nitrogen atmosphere at 100 °C
for 24 h. The ﬁnal product was dissolved in chloroform and puriﬁed by
centrifugation at 15000 rpm for 15 min to remove free PLLA and
unreacted materials. After two repetitions of the puriﬁcation process, the
ﬁnal material was vacuum dried at 60 °C for 24 h. The synthesis yield
was 62.7−83.9%. The series of RA-Mg-OLAs from RA15-Mg-OH and
L-LA were named according to feed ratios of Mg(OH)2 and L-LA as
follows: RA15-Mg-OLA5, RA15-Mg-OLA10, and RA15-Mg-OLA20
(Table S1).
Fabrication of PLGA Composite Films and Scaﬀolds. For
further characterization, PLGA and RA-Mg-OLA nanoparticles were
fabricated as solvent-cast ﬁlms. PLGA (2 g) and RA15-Mg-OLA5 (0.3 g)
were dissolved in 100 mL of chloroform at room temperature. The
mixture of the polymer and nanoparticles was placed in a Teﬂon dish,
and the solution was evaporated at room temperature for 24 h. The
formed ﬁlm was vacuum-dried at room temperature for 24 h. The ﬁlm
was removed from the Teﬂon dish using liquid nitrogen. The ﬁlm thickness was measured using a micrometer and conﬁrmed to be about 2 mm.
The porous 3D scaﬀold was fabricated through the ice particle
method. First, 200−300 μm sized ice particles were prepared by
spraying cold distilled water into liquid nitrogen. PLGA (1 g) and the
prepared ice particles (3 g) were dissolved in 4 mL of methylene
chloride. The mixture was poured into a silicone mold contained in
liquid nitrogen for freezing. The frozen mixture was lyophilized for
2 days to form porous scaﬀolds.
Preparation of Drug-Eluting Stent. Sirolimus-eluting stents with
PLGA only or RA15-Mg-OLA5/PLGA were prepared by an ultrasonic
nanocoating method. Brieﬂy, PLGA (0.5%(w/w)) was dissolved in a
cosolvent of dioxane and dichloromethane (1:1), and SRL or RA15-MgOLA5/SRL were then added to polymer solutions. Cobalt−chrome
stents were spray coated with the polymer/nanoparticles solutions
(10 mL) at a ﬂow rate of 0.5 mL/min. The humidity in the coating
chamber was maintained at 15% (NNC-30K-2 mA Portable type, Nano

neointima formation. These results suggest that PLGA containing
the modiﬁed Mg(OH)2 nanoparticles could be applied as a coating
material for biomedical devices, such as coronary artery stents.
To evaluate inﬂammation in the context of renal regeneration,
PLGA, PLGA/Mg(OH)2, and PLGA/RA15-Mg-OLA5 scaﬀolds
were implanted into mouse kidneys. Visual inspection showed
that PLGA, PLGA/Mg(OH)2, and PLGA/RA15-Mg-OLA5 scaffolds were almost fully degraded after about 4 weeks (Figure S8).
Histological and immunohistochemical (IHC) analyses showed
that PLGA/RA15-Mg-OLA5 (15 wt %) scaﬀolds led to greater
cell densities and glomerular-like structures than PLGA control
and PLGA/Mg(OH)2 at 1 week postimplantation. Similarly, the
PLGA/RA15-Mg-OLA5 group showed higher numbers and
increased sizes of glomeruli compared to the other groups at
4 weeks postimplantation, and distal, and proximal convoluted
tubules were observed only in the PLGA/RA15-Mg-OLA5
group (Figure 4a,e). In quantitative microanatomy assessment of
regenerated glomeruli at 4 weeks postimplantation (Figure 4e,f),
we found that the number of glomeruli in scaﬀolds containing
Mg(OH)2 nanoparticles increased more than 10-fold when
compared to the native PLGA control. The PLGA/RA15Mg-OLA5 scaﬀold showed an even better 15-fold increase
(Figure 4f). IHC analyses showed that inﬂammatory proteins
were signiﬁcantly less secreted in PLGA/RA15-Mg-OLA5
(Figure 4b and Figures S9−S11). These observations were also
further conﬁrmed in quantitative PCR analyses (Figure 4c,d and
Figures S12−S14). In addition, the expression of mesenchymal
stem cell-related markers increased at 2 weeks postimplantation,
and the diﬀerentiation markers for renal cell lineages gradually
increased (Figure S15). Taken together, these data indicate that
the use of PLGA/RA15-Mg-OLA5 scaﬀolds increases the expression of mesenchymal stem cell and renal diﬀerentiation markers
compared with other scaﬀolds. The suppression of inﬂammatory
reaction on PLGA/RA15-Mg-OLA5 scaﬀolds reﬂects the neutralizing action of the modiﬁed Mg(OH)2 nanoparticles and the
secretion of anti-inﬂammatory factors by bone marrow stem cells.32

CONCLUSION
In the present study, we addressed one of the most long-standing
problems associated with the use of PLGA biodegradable scaffolds, namely acid-induced inﬂammation triggered by the byproducts of the polymer degradation. Incorporation of native
Mg(OH)2 into drug delivery carriers has been used to protect
encapsulated protein payload from degradation.31 In our
applications for improvement of the biocompatibility of PLGA
implants, we needed to develop hydrophobically modiﬁed nanoparticles rather than native Mg(OH)2 to achieve adequate dispersal to enable adequately high loading for neutralization, which
was also associated with increases in mechanical properties with
the modiﬁed Mg(OH)2 rather than decreases with the native
Mg(OH)2. Thus, incorporation of modiﬁed nanoparticles
comprising the Mg(OH)2 surface functionalized with oligomers
of lactide signiﬁcantly reduced the in vivo inﬂammatory response
without altering the degradability rates but improving the mechanical properties of PLGA. We showed across two distinct biomedical
applications that our strategy could help with ameliorating the
shortcomings associated with PLGA and perhaps improving the
ease the transition to the clinic of a new generation of biodegradable polyester implants.
MATERIALS AND METHODS
Materials. Magnesium nitrate (Mg(NO3)2), stannous octoate,
sodium hydroxide (NaOH), and ricinoleic acid (RA) were purchased
F
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Figure 4. Reconstruction of injured kidney cortices with PLGA, PLGA/Mg(OH)2, and PLGA/RA-Mg-OLA scaﬀolds after partial nephrectomy.
(a) Representative H&E staining of implanted scaﬀolds at 1, 2, and 4 weeks (scale bar, 50 μm). (b) Immunohistochemical (IHC) staining of CD8
in tissue sections of PLGA, PLGA/Mg(OH)2, and PLGA/RA-Mg-OLA scaﬀolds implanted in mice (scale bar, 50 μm). (c, d) Real-time PCR
analysis of gene expression of (c) pro-inﬂammatory (TNF-α, IL-1β, and IL-6) and (d) anti-inﬂammatory markers (IL-4, TGF-β1, and IL-2).
(e) Representative H&E staining of implanted scaﬀolds for assessment of regenerated glomeruli at 4 weeks postimplantation (black arrow
indicates the regenerated glomeruli, scale bar, 1000 μm). (f) Quantitative analysis of regenerated glomeruli at 4 weeks postimplantation.
NC, Korea). Finally, the coated stents were vacuum-dried for 3 days to
remove residual solvents.
Characterization of Materials. The RA-Mg-OLAs were structurally analyzed using Fourier transform infrared (FT-IR) spectroscopy
(Spectrum 100, PerkinElmer, USA) with potassium bromide pellets.
The molecular weight of the polymer was analyzed by gel permeation

chromatography (GPC; 414 GPC system, Waters, USA). The average
molecular weight (Mw) of PLGA used in this study was 41000 Da.
To thermally analyze the synthesized compounds, thermogravimetric
analysis (TGA) thermograms were measured in a nitrogen atmosphere at a
heating rate 10 °C/min and a temperature range of 100−800 °C. The
particle size distribution of RA-Mg-OLAs was measured by dynamic
G
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light scattering (DLS; Malvern ZetaSizer Nano ZS, Malvern, UK). The
morphology of nanoparticles dispersed in toluene was observed using
TEM (Tecnai G2 F20 Cryo, FEI, USA). The surface morphology and
atomic distribution of nanocomposites were observed using SEM
(XL30, Philips, Netherlands) and energy-dispersive-X-ray SEM
(S-2500C, Hitachi, Japan), respectively. The SEM analyses were performed after mounting pieces of the sample on an aluminum stub and
coating with platinum using a sputter coater (E1030, Hitachi, Tokyo,
Japan). To conﬁrm the change in acidity of the solution containing
the nanocomposite, the pH of the solution containing the ﬁlms was
measured over time while shaking at 100 rpm in 37 °C.
Mechanical Property Measurement. The mechanical properties
of the nanocomposites were instantiated through a universal testing
machine (UTM; Instron 4464, Instron, USA). The analysis was carried
out on the conditions with a gauge length of 5 cm and a crosshead speed
of 1 cm/min according to ASTM D638-00. Finally, the mechanical
properties of nanocomposites were analyzed with parameters such as
tensile strength, elongation, tensile modulus, and the interfacial interaction parameters.
In Vitro Cell Culture. In this study, U-937 cells (a human hematopoietic cell line) and HUVECs were used, respectively. The U-937 cells
were cultured in RPMI media containing 10% inactivated fetal bovine
serum (FBS) and 1% penicillin/streptomycin at 37 °C in 5% CO2 atmosphere. The HUVECs were cultured in EGM-2 media containing 5%
inactivated FBS, 1% penicillin/streptomycin, heparin (5 U/mL), and
human ﬁbroblast growth factor (10 ng/mL) at 37 °C in 5% CO2 atmosphere. All cell experiments were performed within 4−5 passages of cells.
In Vitro Cell Viability Assays. To determine the cell viability of
U-937 cells and HUVECs, the Cell Counting Kit-8 (CCK-8, Dojindo
Molecular Technology, Inc., Rockville, MD) assay was performed
according to the manufacturer’s protocol. The absorbance of the analytical reagent was measure at 450 nm through a microplate reader
(Spectra Max M2, Molecular Device, USA).
Measurement of Inﬂammatory Cytokine Levels. Inﬂammatory
cytokine levels were measured to investigate the inﬂammation induction
of nanocomposites. Levels of TNF-α and IL-6 were measured by enzymelinked immunosorbent assay (ELISA) in U-937 cells and HUVEC,
respectively. To measure the level of TNF-α, U-937 cells were seeded in
a 24-well plate and cultured in RPMI medium for 24 h. Then the cells
were treated with the degradation product (1.0 mg) of nanocomposite
for 24 h and the level of TNF-α in the culture medium was measured by
ELISA (R&D systems, Minneapolis, MN). To measure the level of IL-6,
HUVECs were seeded in 24-well plate and cultured in EGM-2 medium
for 24 h. Then the cells were treated with the degradation product
(1.0 mg) of nanocomposite for 24 h, and the level of IL-6 in the culture
medium was measured by ELISA (R&D systems, Minneapolis, MN).
In vivo tests. Detailed experimental methods for in vivo animal
experiments are described in the Supporting Information.
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