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Abstract

Current electrospun membranes used for pulp capping still lack the sustained-release capability and long-term anti-inflamma-
tory effects that are favorable for dental pulp regeneration. In this work, a single-layered poly(lactic acid) (PLA) electrospun
membrane loaded with amorphous calcium phosphate (ACP) and aspirin (PLA/ACP/Aspirin membrane, i.e., PAA membrane)
is sandwiched between two poly(lactic-co-glycolic acid) (PLGA) electrospun membranes as a novel sandwich-structured
PLGA and PAA composite electrospun membrane (PLGA-PAA membrane) to resolve the need for sustained-release design
and anti-inflammatory effects. Contact angle measurements indicate that the PLGA-PAA membrane is more hydrophilic
than the PAA membrane. An in vitro release study reveals that PLGA membranes coated on PAA membrane could slightly
slow down ion release, while significantly prolonging aspirin release. We also co-cultured membranes with dental pulp
stem cells (DPSCs) and human monocytic THP-1 cells to evaluate their osteogenic ability and anti-inflammatory effects,
respectively. Compared with the PAA membrane, the PLGA-PAA membrane promotes cell adhesion, proliferation, and
osteogenic differentiation. A prolonged anti-inflammatory effect of up to 18 days is also observed in the PLGA-PAA group.
The results suggest a promising strategy for fabricating an electrospun membrane system with controlled release capabili-
ties and long-term anti-inflammatory effects for use as pulp-capping material for regeneration of the dentin-pulp complex.
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Introduction

Dental pulp is a well innervated, vascularized tissue located
in the central portion of the tooth [1], surrounded by den-
tin and composed of collagen fiber, fibroblasts and dental
stem cells [2]. Living pulp is the guarantee of dental health.
However, exposure of vital pulp may sometimes occur, due
to dental caries or trauma, resulting in dentin loss and pulp
injury [3]. To restore the vitality of pulp and stimulate den-
tin formation, pulp-capping materials can be added to the
exposed pulp [4, 5].Various materials like calcium hydrox-
ide, mineral trioxide aggregates, and resin-based cements
have been used as pulp capping material [6—10]. However,
most of these materials lack biocompatibility and may irri-
tate the pulp tissue, resulting in chronic pulp inflammation,
which is unfavorable for pulp regeneration and dentin forma-
tion [11-13].

Recent studies have shown that electrospun membranes
are promising candidates for pulp capping [14, 15], as these
materials have many advantages over traditional materi-
als. First, these membranes mimic the natural extracellu-
lar matrix (ECM) of pulp tissue [16—18]. The nanofiber in
the electrospun membrane possesses a similar diameter to
collagen type I (Col I), while Col I is the most abundant
extracellular protein in dentin and the base for primary and
reparative dentin formation [19, 20]. Second, biocompatible
polymers can be easily processed into nanofibrous structured
membranes through electrospinning techniques to obtain a

@ Springer

pulp capping material with good biocompatibility [2, 4, 21].
Furthermore, many drugs and bioactive agents favorable to
pulp regeneration and dentin formation can be also incorpo-
rated into the membrane for an enhanced therapeutic effect
[22,23].

Despite all the advantages listed above, there are still
some deficiencies in existing electrospun membranes that
limit their therapeutic effect. First, current electrospun mem-
branes usually do not contain anti-inflammatory reagents.
As is well known, pulp injury is always accompanied by an
inflammatory response. This inflammatory process is not
only harmful to the recovery of pulp activity [15, 24]; it also
has adverse effects on bone formation (i.e., dentin formation)
if the inflammatory response persists and becomes chronic
[25-30]. Second, regeneration of the dentin-pulp complex is
a long-term process, which also requires long-term release
of any added drugs or bioactive agents during regenera-
tion. However, the electrospun membranes currently used
for pulp capping are all designed with a simple structure,
which is incapable of controlled release. The drugs and bio-
active agents in current electrospun membranes are always
quickly released in the first few days, which may result in
poor dentin-pulp complex regeneration in the late stage.

To enhance the therapeutic effects of these membranes,
a new biocompatible electrospun membrane should be
designed with a sustained drug/bioactive agent release
capability to suppress long-term pulp inflammation as well
as enhance dentin formation. Our previous work described
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the synthesis of a single-layered electrospun membrane con-
sisting of poly(lactic acid) (PLA) and amorphous calcium
phosphate (ACP) [31]. This PLA/ACP membrane has been
shown to be effective in inducing bone formation, as ACP
can be converted in aqueous solution into hydroxyapatite
(HA), the main mineral component in natural bone, with
sustained release of calcium (Ca®*) and orthophosphate
(PO43_) ions [32]. However, this membrane lacks the anti-
inflammatory and controlled release ability necessary for
successful dental pulp regeneration. As a classic nonsteroi-
dal anti-inflammatory drug, aspirin has been proved effective
in treatment of periodontitis, showing its promising appli-
cation in suppressing dental inflammation [33, 34]. Owing
to its solubility in electrospinning solution, aspirin can be
easily incorporated into the PLA/ACP membrane as a PLA/
ACP/Aspirin membrane (PAA membrane) to enhance its
anti-inflammatory properties. Multilayering electrospinning
is a technique with a sequential spinning process that can
produce a multilayered fiber membrane [35]. Studies have
shown that sequential drug release can be achieved by add-
ing drugs onto different layers of the membrane, indicating
the potential of the multilayered membrane for drug-con-
trolled release [36, 37]. The outer layer of the multilayer
membrane has an inhibitory effect on drug release; thus,
by sandwiching the drug-loaded layer between two non-
drug-loaded layers, a prolonged drug release time can be
achieved. As a biocompatible material approved by the U.S.
Federal Food and Drug Administration (FDA), poly(lactic-
co-glycolic acid) (PLGA) might potentially be an appropri-
ate material for use as the outer layer to achieve prolonged
drug release capability. PLGA has similar characteristics
but stronger hydrophilicity compared with PLA, making it
more compatible with cells and tissues [38]. Furthermore,
the solution used for PLA and PLGA electrospinning is the
same, which would make the layers in the resulting multi-
layered membrane more tightly combined with each other.
To the best of our knowledge, the multilayering electrospin-
ning technique has never before been used in dental pulp
regeneration, and the mechanism by which the outer layer
influences the drug release profiles has also not been fully
investigated.

The aim of this study is to fabricate a sandwich-structured
PLGA and PAA composite electrospun membrane (PLGA-
PAA membrane) for use in dental pulp regeneration through
a multilayering electrospinning technique, in which the PAA
electrospinning membrane is set as the inner layer while
the two PLGA electrospinning membranes are set as the
outer layers. In order to better validate the release inhibi-
tion effect of the PLGA membrane, we selected PLA with
low molecular weight to fabricate a PAA membrane with
fast-release properties. We hypothesized that after being
sandwiched between the PLGA membranes, the PLGA-PAA
sandwich-structured membrane would achieve a prolonged

drug/bioactive agent release time and long-term anti-inflam-
matory effects, which are more favorable to dental pulp
regeneration. To test this hypothesis, we carried out in vitro
degradation studies, in vitro release studies, cell differentia-
tion assays and in vitro anti-inflammation experiments.

Materials and methods
Materials

PLA (RESOMER R 207 H, Inherent viscosity: 0.25-0.35
dL/g) and PLGA (RESOMER RG 503 H, Inherent vis-
cosity: 0.32-0.44 dL/g, LA/GA =50:50) were purchased
from Evonik Industries AG (Essen, Germany). Aspirin
was donated by Dr. Zhongning Liu from Peking University
Hospital of Stomatology. Ca(NO,),-4H,0 and (NH,),HPO,
were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Beijing, China). Dichloromethane (DCM) and N,N-
Dimethylformamide (DMF) were obtained from Beijing
Tongguang Fine Chemicals Company (Beijing, China).

Preparation of PAA electrospun membrane

ACP was first synthesized using a wet chemical method as
previously described [32]. A polymer solution containing
50% w/v PLA with aspirin at 1.75 wt% PLA was then pre-
pared in a 3:1 DCM: DMF solvent mixture. After the above
ingredients were dissolved, ACP powders at 10 wt% PLA
were added, and the solution was stirred for 1 h to create a
uniform suspension of ACP. The solution was then loaded
into a 20 mL syringe and electrospun at 20 kV under a
steady flow rate of 1.2 mL/h for 2.5 h. The distance between
the syringe needle and the collection foil was 10 cm. After
electrospinning, the resulting PAA electrospun membrane
was collected and dried in a desiccator overnight. The dried
PAA electrospun membrane was cut into small pieces of
equal weight for use in further experiments.

Preparation of PLGA-PAA electrospun membrane

A PLGA solution with a concentration of 30% w/v was pre-
pared by dissolving PLGA in DCM and DMF mixed solvent
at a ratio of 3:1. The solution was transferred into a 20 mL
syringe and electrospun at 20 kV under a steady flow rate
of 1.6 mL/h. The distance between the syringe needle and
the collection foil was 10 cm. Before electrospinning, the
small pieces of PAA prepared earlier were first adhered to
the collection foil by electrostatic interaction. Both sides
of the PAA membrane were electrospun for 1 h to distrib-
ute PLGA fibers uniformly across its surface. The resulting
PLGA-PAA membranes were collected and dried in a desic-
cator overnight.
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Characterization of electrospun membrane

The surface and cross-sectional appearance of electrospun
membranes was observed under a scanning electron micro-
scope (SEM) (FEI Quanta 250 FEG, USA). Samples were
coated with platinum before viewing. An energy-dispersive
spectrometer (EDS) was employed to analyze the chemical
composition of membranes. In addition, the diameter distri-
bution of nanofibers was also tested using the image analy-
sis program Image] (National Institute of Health, Bethesda,
USA).

Contact angle

To determine the hydrophilicity of the membranes before
and after coating with PLGA nanofibers, the contact angle
of each sample was measured with a contact angle meas-
urement system (JC2000FM, POWEREACH, China). The
water droplet size was set as 0.5 pL, and the final result for
each sample was obtained by averaging five separate runs.

Thermal analysis

A thermogravimetric analyzer (NETZSCH STA 449 C
Jupiter, Germany) was used for thermogravimetric analy-
sis (TGA) to determine ACP loading efficiency of different
membranes. Samples with an average weight of 10 mg were
placed in alumina crucibles and measured under a nitrogen
atmosphere (50 mL/min) at temperatures ranging from room
temperature to 800 °C at a heating rate of 10 °C/min. Dif-
ferential scanning calorimetric (DSC) analysis (NETZSCH
STA 449 F5 Jupiter, Germany) was also conducted to test
the inherent properties of PLGA. DSC runs were carried out
over a temperature range of 25-200 °C at 10 °C/min under
dry nitrogen flow (50 mL/min).

In vitro degradation studies

In vitro degradation studies were carried out by monitor-
ing mass loss and surface morphology of electrospun
membranes over a period of 28 days. Twenty milligrams of
membranes were placed in a test tube, immersed in 3 mL
of phosphate-buffered saline (PBS) (0.1 M, pH 7.4), and
maintained in a 37 °C-incubator shaker. At predetermined
time intervals, membranes were collected and lyophilized
for 24 h. The mass and morphology of each membrane were
assessed with an electronic balance and SEM, respectively.

In vitro release studies

In vitro release studies were performed by measuring ion
release (Ca’*, PO,*") and aspirin release over a period of
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35 days. Twenty milligrams of electrospun membranes were
placed in test tubes, immersed in 3 mL of physiological
saline, and kept in a 37 °C-incubator shaker. At predeter-
mined time intervals, all of the medium was collected for
testing and replaced with an equal amount of fresh physi-
ological saline. The concentrations of calcium ion and phos-
phate ion released into the test solution were measured by
a calcium colorimetric assay kit (Sigma-Aldrich, USA) and
phosphate ion colorimetric assay kit (Sigma-Aldrich, USA),
respectively, using manufacturers’ protocols.

Before measuring in vitro aspirin release, a preliminary
acceleration experiment was conducted to calculate the
encapsulation efficiency of aspirin in the electrospun mem-
brane. Briefly, twenty milligrams of membranes were placed
in test tubes, immersed in 3 mL of PBS, and maintained in
an incubator at 60 °C and 150 r/min. When the membranes
were totally degraded, the supernatants in each tube were
collected, and the amount of aspirin in the supernatants
was tested using a multimode microplate reader (Varioskan
Flash, Thermo Fisher Scientific, USA). For the in vitro aspi-
rin release experiment, twenty milligrams of electrospinning
membranes were placed in test tubes, immersed in 3 mL of
PBS, and kept in a 37 °C-incubator shaker. At predetermined
time intervals, all of the release medium was collected and
replaced with an equal amount of fresh PBS. Because aspi-
rin can be gradually hydrolyzed into salicylic acid in water,
both unhydrolyzed aspirin and hydrolyzed aspirin (salicylic
acid) in the release medium were measured to investigate the
extent of aspirin release. Concentrations of unhydrolyzed
aspirin were assayed by a multimode microplate reader (Var-
ioskan Flash, Thermo Fisher Scientific, USA) at 278 nm,
while salicylic acid concentration was measured at 298 nm.
The amount of hydrolyzed aspirin was calculated by the fol-
lowing equation [39]:

Hydrolyzed aspirin (mg)

salicylic acid (mg)

~ molecular weight of salicylic acid (138.123 g/mol)
X molecular weight of aspirin (180.160 g/mol).

The total amount of released aspirin is equal to the sum
of the unhydrolyzed aspirin and the hydrolyzed aspirin that
we measured in the release medium.

Cell isolation and culture

DPSCs were used for the cell proliferation, cell-membrane
attachment and cell differentiation assays. DPSCs were
isolated from healthy third molars, which were removed
from young donors (18-26 years old) at Hospital of Bei-
hang University, with informed consent of each patient.
Cell isolation procedures were conducted as previously
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described [40]. All procedures conformed to the Declara-
tion of Helsinki and were approved by the ethics com-
mittee of Beihang University. Isolated cells were cultured
using a-minimum essential medium (a-MEM, Gibco,
USA) supplemented with 10% fetal bovine serum (FBS,
Gibco, USA), 100 U/mL penicillin, and 100 pg/mL strep-
tomycin at 37 °C in a humidified atmosphere of 5% CO,.
The medium was changed every 2-3 days. When the cells
reached 90% confluence, they were detached with a 0.25%
trypsin-ethylenediaminetetraacetic acid solution (Solar-
bio, China), centrifuged, and resuspended in a-MEM for
further experiments. DPSCs at passage 3 were used in
this study. PAA and PLGA-PAA membranes were set as
two experimental groups, while PLA membrane without
aspirin and ACP served as the control group. Membranes
were exposed under ultraviolet light for 6 h, immersed in
75% alcohol for 30 min, and washed with PBS 3 times
before use.

Cell proliferation assays

A cell counting kit-8 (CCK-8, Dojindo Laboratory, Japan)
was used to assess cell proliferation. DPSCs were seeded
onto membranes (10 mg) in a 24-well plate at a density of
1x10* cells/well with 1 mL of culture medium. After 1,
3 and 5 days of culture, the culture medium was removed
and 500 pL of fresh a-MEM containing 50 pL of CCK-8
solution was added to each well. After incubation at 37 °C
in 5% CO, for 1 h, 100 pL of supernatant was collected
and transferred to a 96-well plate. Absorbance was meas-
ured at 450 nm to assess cell proliferation using a multi-
mode microplate reader (Varioskan Flash, Thermo Fisher
Scientific, USA).

Acridine Orange/Ethidium Bromide (AO/EB) staining
was used for assessment of cell morphology. Briefly, 500
pL of PBS containing 1 pg/mL AO (Solarbio, China) and
1 pg/mL EB (Solarbio, China) was added to each well. After
5 min incubation under room temperature, cells were washed
with fresh PBS and examined under a fluorescence micro-
scope (IX73, Olympus, Japan).

Cell-Electrospun membrane attachment assays

Cell-Electrospun membrane attachment was assessed
according to previously described methods [41]. Briefly,
DPSCs were seeded onto membranes in a 24-well plate
at a density of 1x10° cells/well with 1 mL of culture
medium. After co-culture for 5 h, membranes were washed
with PBS three times. Next, cells still attached to the
membranes were disassociated using 0.25% trypsin-eth-
ylenediaminetetraacetic acid solution and counted using
hemocytometer.

Cell differentiation ability assays

Alkaline phosphatase activity (ALP) assay and Alizarin red
S (ARS) staining were employed for assays of cell differ-
entiation ability. DPSCs were seeded onto membranes in a
24-well plate at a density of 1x 10* cells/well. The culture
medium was replaced by a differentiation medium consist-
ing of a-MEM, 10% FBS, 100 U/mL penicillin, 100 pg/mL
streptomycin, 50 pM L-ascorbic acid (Solarbio, China),
10 mM sodium B-glycerol phosphate (Solarbio, China) and
100 nM dexamethasone (Sigma-Aldrich, USA). The medium
was changed every 2-3 days. At pre-determined times, the
cellular sample in each well was washed three times in PBS.

ALP assays were conducted on day 7 and day 14. Briefly,
cells were lysed with 70 pL of RIPA buffer containing
0.7 pL of protease inhibitor cocktail over an ice bath for
5 h. The cell lysate was then centrifuged and the supernatant
was collected. ALP activity and total protein content in the
supernatant was measured using an ALP assay kit (Nanjing
Jiancheng, China) and a micro-BCA kit (Cwbiotech, China),
respectively.

ARS staining was conducted on day 21. Briefly, cells
were fixed in glutaraldehyde (2.5% in PBS) for 0.5 h and
washed with distilled water. ARS staining solution (Solar-
bio, China) was added to each well and incubated with cells
for 20 min under room temperature. Next, cells were washed
five times with distilled water. The wells were photographed
using a light microscope at 4 times magnification (Nikon
Eclipse LV100OND, Japan).

In vitro anti-inflammation assay

Human monocytic THP-1 cells purchased from the Ameri-
can Type Culture Collection (ATCC, USA) were used for
in vitro anti-inflammation assays. Cells were cultured using
RPMI 1640 medium (Gibco, USA) supplemented with 10%
FBS (Gibco, USA), 100 U/mL penicillin, and 100 pg/mL
streptomycin at 37 °C in a humidified atmosphere of 5%
CO,. The medium was changed every 2-3 days.

For the anti-inflammation assay, THP-1 cells were first
seeded onto a 24-well plate at a density of 1.5x 10° cells/
well. Next, cells were treated with phorbol 12-myristate
13-acetate (PMA, 50 ng/mL) (Sigma-Aldrich, USA) for 48 h
to induce differentiation to macrophages. After washing with
PBS three times to remove PMA, PLA, PAA, and PLGA-
PAA membranes were added to each well along with fresh
RPMI 1640 medium supplemented with lipopolysaccha-
ride (LPS, 1 pg/mL) (Sigma-Aldrich, USA). Cells cultured
only with LPS were set as positive controls. After 24 h of
co-culture, the supernatants were collected from each well.
The amounts of TNF-a and IL-1f in the supernatants were
tested using enzyme-linked immunosorbent assay (ELISA)

@ Springer
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Fig. 1 SEM photographs, contact angle and diameter distribution his-
tograms of PAA membrane (a, b) and PLGA-PAA membrane (c, d).
e-h EDS mapping of specific PAA nanofibers with a rough surface.
i Cross-section SEM image of a PLGA-PAA membrane. (i) PLGA

kits (Thermo Fisher Scientific, USA) to evaluate the anti-
inflammatory ability of the membranes.

To evaluate long-term anti-inflammatory ability, another
three groups of PLA, PAA and PLGA-PAA membranes were
immersed in PBS for 18 days to simulate membranes that
were implanted into the body for 18 days. These membranes
were then co-cultured with LPS and differentiated THP-1
cells for the TNF-a and IL-1p expression assay.

Statistical analysis

All quantitative data are presented as mean + standard devia-
tion (SD). Statistical analysis was carried out using a one-
way analysis of variance (ANOVA) and the statistical soft-
ware package SPSS (IBM, USA). Statistical significance was
defined as p <0.05.

Results

Characterization of electrospinning membranes
Figures 1a—1d show the surface morphology and the cor-

responding fiber diameter distributions of PAA and PLGA-
PAA membranes. Both membranes contained smooth
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and continuous nanofibers. The average diameter of PAA
nanofibers was 849.8 +191.9 nm, while that of PLGA
nanofibers was 824.3 + 189.8 nm. The contact angle of both
membranes was also tested (see insets in Figs. 1a and 1c).
The PAA membrane had a contact angle of 119.8° +1.9°,
indicating poor hydrophilicity. After coating with PLGA
nanofibers, the contact angle of the PLGA-PAA membrane
was measured as 96.4° +1.7°, which is significantly lower
(p <0.001) than that of the PAA membrane, demonstrat-
ing pronounced hydrophilicity. Figure 1i shows a cross-
section image of a PLGA-PAA membrane. It can be seen
that the PAA membrane is well sandwiched between the
two PLGA membranes. The average thicknesses of the PAA
membranes and PLGA membranes were 226.9 +9.8 pm and
89.3 + 6.7 um, respectively.

Although most PAA nanofibers were smooth, some
nanofibers showed a rough surface with protuberances on
the fiber (Fig. le, white arrow). EDS mapping of these
protuberances showed strong Ca, P and O signals at the
protuberance site (Figs. 1f-1h), indicating that the protu-
berances represented aggregated ACP. The amount of ACP
loaded in the membranes was calculated by TGA. Figure 1j
presents the TGA curves of PLA polymer, PLGA poly-
mer, PAA membrane and PLGA-PAA membrane. After the
addition of ACP, residue rates were increased in both PAA
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Fig.2 SEM images (A) and mass loss (B) of PAA and PLGA-PAA
membranes showing degradation over a period of 28 days. In vitro
release profiles of aspirin (C), Ca?t (D) and PO43_ (F) over a period

membrane (12.84%) and PLGA-PAA membrane (9.85%),
while the PLA polymer and PLGA polymer groups pos-
sessed similar lower residue rates of about 7.8%. To calcu-
late the ACP loading amount more precisely, TGA curves
of ACP and aspirin were also measured. Figure 1k shows
that the residue rates of ACP and aspirin were 86.1% and
0%, respectively. Based on these data, we can calculate
that the mass percentages of ACP in PAA and PLGA-PAA
membranes were approximately 6.4% and 2.7%, respec-
tively. Figure 11 further reveals that the PLGA we used here
is an amorphous polymer with a glass transition tempera-
ture of about 45 °C.

In vitro degradation and release studies

In vitro release studies were carried out to investigate the
effect of PLGA membranes on drug and ion release profiles
of the electrospun membranes. Figure 2C shows the aspirin
release profiles in vitro. It can be seen that approximately

of 35 days. E Ca** and G PO,>~ concentrations in the release
medium at various time points

half of the aspirin was released from PAA membranes dur-
ing the first 3 days, showing a strong initial burst of aspi-
rin release. The SEM images indicate that the nanofiber
structure of PAA membranes collapsed immediately on
day 1 (Fig. 2A-b), which may account for the strong ini-
tial burst release. After 3 days, the aspirin release con-
tinued at a fast rate along with increasing destruction of
nanofiber structure; all of the aspirin was released by day
18. In contrast, only 30% of the aspirin was released from
the PLGA-PAA membrane initially, and aspirin release
continued at a slow rate for the first 7 days. SEM obser-
vation revealed that the nanofiber network of the outer
PLGA membrane layer gradually became denser during
the first week. Before immersion in water, spaces can be
easily found in the PLGA nanofiber network (Fig. 2A-f).
After 1 day of immersion, however, most of the spaces
had disappeared (Fig. 2A-g). After 7 days of immersion,
almost no spaces could be seen inside the PLGA mem-
brane (Fig. 2A-h), demonstrating good sealing properties.
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The PLGA membrane began to degrade on day 14, as seen
by structural destruction of the PLGA nanofiber network
(Fig. 2A-i) and accelerated mass loss from the PLGA-
PAA membrane (Fig. 2B). Acceleration in aspirin release
occurred along with the destruction of the PLGA layer.
The aspirin release from the PLGA-PAA membrane lasted
for 35 days, a period almost twice as long as that from the
PAA membrane.

The PLGA-PAA membrane also inhibited an initial ion
release, while prolonging the total ion release time when
compared to that of the PAA membrane (Figs. 2D and 2F).
However, compared with aspirin release, the initial burst
release of ion was more obvious in both of the membranes.
To characterize the pattern of ion release more precisely, the
ion concentration was assayed at each time point (Figs. 2E
and 2G). The ion release rate of the PAA membrane
decreased over time, with little or no ion release after day
14. The ion release rate for the PLGA-PAA membrane also
gradually decreased over the first 14 days. However, after
day 14, the ion concentration increased in the PLGA-PAA
group more steeply than that in the PAA group, showing a
similar accelerated release pattern compared with that of
aspirin release. Ca?" and PO,>~ ions can still be detected in
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the PLGA-PAA membrane group at relatively high concen-
trations on day 35.

In vitro cell attachment and viability assays

Cell attachment and viability assays were conducted to eval-
uate the biocompatibility of different membranes in vitro.
Figure 3a shows that after 5 h of co-culture, a similar and
relatively low cell attachment numbers (approximately
2.5% 10* per membrane) were observed on both the PLA
and PAA membranes. In comparison, PLGA-PAA mem-
branes showed a significantly higher cell attachment number
(approximately 4.3 x 10* per membrane), which is almost
twice that of the other two membranes, demonstrating the
superior cell adhesion properties of the PLGA-PAA mem-
branes in early stages. CCK-8 assays (Fig. 3b) also show
that cell proliferation viability in the PLGA-PAA group was
significantly higher than that in the PLA (p=0.014315) and
PAA (p=0.019067) group at the early stage (day 1), which
is consistent with the cell attachment results. It can be seen
from Fig. 3b that the PLGA-PAA membrane significantly
facilitated cell proliferation at all time points when com-
pared to the PLA membrane, while the cell proliferation
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Fig.4 In vitro DPSC differentiation assays. a ALP activity assays
of DPSCs cultured on different membranes. b—-d ARS staining of
DPSCs after 21 days co-culture with different membranes. b PLA

viability in the PAA group was only significantly higher
than that in the PLA group on day 3; for the rest of the
experimental period, the PAA and PLA groups exhibited
comparable effects on cell proliferation. AO/EB staining
(Figs. 3c—3e) further revealed that after 5 days of prolifera-
tion, cells in all groups exhibited good morphology regard-
less of proliferation rate.

In vitro cell differentiation assays

ACP has been shown to effectively promote cell osteogenic
differentiation, as it can be converted in aqueous solution to
HA with sustained release of Ca** and PO,*~ ions. For this
reason, we carried out additional analysis of the osteogenic
differentiation performance of DPSCs on different mem-
branes. Figure 4a shows ALP activity in DPSCs after 7 and
14 days of co-culture with different membranes. It can be
seen that ALP activity significantly increased in the PAA
and PLGA-PAA membranes compared to that in the PLA
membrane, indicating the effectiveness of ACP on osteo-
genic differentiation. In order to confirm this finding, ARS
staining was conducted to identify the formation of miner-
alized matrix, i.e., calcium deposition, in different groups.
After 21 days of co-culture, the highest amount of calcium
deposition was found in the PLGA-PAA group (Fig. 4d),
while the lowest amount of calcium deposition was observed
in the PLA group (Fig. 4b). The PAA group showed an

membrane; ¢ PAA membrane; d PLGA-PAA membrane. (* and ***
denote the significant difference, *p <0.05; ***p <0.005)

intermediate level of calcium deposition, lower than that of
the PLGA-PAA group and higher than in the PLA group.

In vitro anti-inflammation studies

As a classic nonsteroidal anti-inflammatory drug, aspirin
is well known for its anti-inflammatory properties. Here,
we investigated the expression of TNF-a and IL-1p, two
typical pro-inflammatory cytokines, in LPS-stimulated
macrophages to evaluate the anti-inflammatory effects of
different membranes. When cells were co-cultured on mem-
branes without pre-immersion (Fig. 5a), the expression of
TNF-a and IL-1p was significantly down-regulated in the
PAA and PLGA-PAA groups, while the expression level of
these cytokines in the PLA group was similar to that of the
control group (cells cultured with LPS only).

As shown in Fig. 2C, the outer layer of the PLGA mem-
brane can potentially prolong aspirin release of the PLGA-
PAA membrane. Thus, membranes pre-immersed in PBS
for 18 days were also co-cultured with cells to assess their
long-term anti-inflammatory effects. For cells co-cultured
with membranes after 18 days of pre-immersion, only the
PLGA-PAA group showed significantly decreased secretion
of TNF-a and IL-1p compared with that of the other three
groups (Fig. 5b), indicating the long-term inhibitory effect
of the PLGA membrane on the expression of these two pro-
inflammatory cytokines.
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evaluate the early anti-inflammatory effects, while membranes pre-
immersed in PBS for 18 days were used to evaluate the long-term
anti-inflammatory effects. a TNF-a and IL-1f expression at 24 h

Discussion

Recently, many kinds of electrospun membranes have been
fabricated and used as pulp-capping materials. In these stud-
ies, drugs and mineral components have been loaded onto
the membranes, and these membranes have achieved some
success in dental pulp regeneration. However, owing to the
single-layered structure of these membranes, the period of
drug release in these membranes is always limited to a few
hours or a few days [1], which is too short a time period
for dental pulp regeneration. Some studies only add mineral
components to the electrospun membranes [2], while ignor-
ing the addition of anti-inflammatory drugs. The absence of
anti-inflammatory agents may cause persistent local inflam-
mation inside the tooth, with negative effects on dentin for-
mation. In this study, we have developed a novel PLGA-PAA
membrane using a multilayering electrospinning technique
to create a new type of pulp-capping material. Different
from the traditional single-layer electrospun membrane, our
design contains three electrospun layers in the PLGA-PAA
membrane, with the PAA layer sandwiched between two
PLGA layers, forming a sandwich-like structure. We hypoth-
esized that aspirin and ion release from PAA membrane are
inhibited not only by the PLA nanofibers, but also by the
PLGA electrospun membranes, enabling this PLGA-PAA
membrane could achieve a capability for sustained aspirin
and ion release and long-term anti-inflammatory effects that
are favorable for dental pulp regeneration.

To better validate release-inhibition effect of PLGA
membrane, low molecular weight PLA was chosen to fab-
ricate a PAA membrane with fast release rate. During the
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entire membrane-degradation and release period in vitro,
PAA membrane and PLGA-PAA membrane exhibit differ-
ent surface-morphologies and release patterns. In the PAA
membrane, the PLA nanofiber structure collapses immedi-
ately after being immersed in water, resulting in fast release
of aspirin and ions within the first few days, while the two
PLGA membrane layers in the sandwich-like structure of
the PLGA-PAA membrane provide an inhibitory effect on
aspirin and ion release. Unlike the PAA membrane, the outer
PLGA membrane layers in the PLGA-PAA membrane main-
tain their nanofiber structure after immersion, and the PLGA
nanofiber network becomes gradually denser over time. By
day 7, no spaces can be found in the nanofiber network, indi-
cating that the PLGA membrane has reached its maximum
release-inhibition effect. Thus, a gradually decreased aspirin
release rate is observed in the first week.

A possible mechanism explaining the release-inhibi-
tion effect of the PLGA membrane is illustrated in Fig. 6.
Before being immersed in water, PLGA fibers are straight
and exhibit a nano-dimensional structure with many inter-
nal spaces. This is caused by the electric field during the
electrospinning process, which regulates the orientation and
alignment of molecular chains within the electrospun fibers
[42]. At this time, the existence of spaces limits the release-
inhibition effect of the PLGA membrane. After immersion
in water at 37 °C (an environment with high temperature
and humidity), the molecular chains within the PLGA fibers
rapidly relax to a random coil state because of the inherently
amorphous property of PLGA (Fig. 11) [43]. As a result,
the dimensional shrinkage of the PLGA membrane occurs,
and its nanofiber network becomes dense, with only a few
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Fig.6 Schematic illustration of the proposed mechanism for the
release-inhibition effect of PLGA membranes. Stage I: PLGA-PAA
membrane before immersion in water. Spaces can be found inside the
nanofiber network of PLGA membrane. Stage II: After immersion
in water, PLGA chains relax rapidly to a random-coil state, causing

remaining spaces. Thus, water cannot easily penetrate into
the inner part of the PLGA-PAA membrane and elute the
drug in the innermost layer.

It should be noted that after the slow release of aspirin
in the first few days, an acceleration of aspirin release is
observed in the PLGA-PAA group on day 14. We believe
that this acceleration is caused by degradation of the poly-
mers, which destroys the structural integrity of the PLGA
membrane. As both a sharp drop in mass (Fig. 2B) and
destruction of fiber structure (Fig. 2A-i) are observed in the
PLGA-PAA group in this time period. Compared with the
PAA membrane, the PLGA-PAA membrane finally doubles
the aspirin release time in vitro.

Ion release has a similar release pattern to that of aspirin
release except for the obvious initial burst release. From our
previous study we know that the Ca>* and PO,> ions in the
release medium originate from the conversion of ACP to
hydroxyapatite (HA) in aqueous solution, and the conver-
sion process occurs mainly in the first 9 h [32]. In this study,
the PLGA membrane, which plays a major role in inhibit-
ing release, was not able to achieve its maximum inhibition
effect until day 7. On day 1, spaces can still be found in the
nanofiber network. However, at this time, most of the con-
version from ACP to HA has been already completed. Thus,
the inhibitory effect of PLGA membranes on ion release is
weaker than that on aspirin release, resulting in the notably
initial burst release of Ca** and PO,* ions.

Regeneration of the dentin-pulp complex is known to
be a long-term process, and dentin formation and pulp
regeneration are the most important components of that
process. Thus, electrospun membranes used for dentin-pulp

H20

dimensional shrinkage of the PLGA membrane, which results in for-
mation of a dense nanofiber network. Owing to this, spaces are rarely
observed on the surface of the PLGA membrane and water cannot
easily penetrate into the innermost region, i.e., the PAA membrane,
which is sandwiched between two PLGA membranes

complex regeneration should have the ability to promote
osteogenesis as well as provide long-term anti-inflamma-
tory effects. The in vitro cell proliferation and differentia-
tion assays conducted here demonstrate that DPSCs attach
to PLGA-PAA membranes more quickly than to the other
two membrane types, as the PLGA membrane improves
the superficial hydrophilicity of the membrane. This
hydrophilic property also improves the biocompatibility
of PLGA-PAA membrane, increasing also its favorability
for cell proliferation. During the 5 days of proliferation,
the PLGA-PAA group showed the highest cell viability
at all time points. Subsequent cell osteogenic differentia-
tion assays showed that the PAA and PLGA-PAA groups
possess comparable ALP activity on both day 7 and day
14. This apparent lack of advantage for the PLGA-PAA
membrane could be explained by the weak inhibitory effect
of the PLGA membrane on ion release, which creates a
similar ion release pattern in these two groups in the first
14 days, finally resulting in a similar ALP activity. ARS
staining was also conducted to validate the effects of dif-
ferent membranes on cell osteogenic differentiation. After
21 days of co-cultivation, both the PLGA-PAA membrane
and PAA membrane showed significantly higher rates of
calcium deposition compared to that of PLA membrane. It
should also be noted that the amount of calcium deposition
in PLGA-PAA membrane is higher than that of PAA mem-
brane at day 21. We suspect that this difference is caused
by a second wave of ion release that we observed in the
PLGA-PAA group around day 14, which would increase
Ca**/PO,>~ concentrations in the culture medium and pro-
mote cell differentiation.
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After injury, there will always be a chronic inflamma-
tory reaction in the exposed pulp site. It is well known that
long-term inflammatory reactions are not only harmful to
restoring the viability of pulp tissue; they also have adverse
effects on dentin formation. For this reason, we compared
the anti-inflammatory abilities of different electrospun mem-
branes in this study. We first co-cultured THP-1 cells on
membranes without pre-immersion to simulate the immedi-
ate anti-inflammatory effect of membranes after implanta-
tion. These results showed that both PAA and PLGA-PAA
membranes can suppress the expression of pro-inflammatory
cytokines. Subsequently, THP-1 cells were co-cultured on
membranes pre-immersed in PBS for 18 days to simulate
the long-term anti-inflammatory effects of membranes after
implantation. Of the membrane types test, only the PLGA-
PAA membrane showed significantly lower expression of
pro-inflammatory cytokines compared to the other three
groups. Our in vitro aspirin release studies suggest that these
differences in cytokine expression are caused by the different
aspirin release patterns observed in these groups. For PAA
membrane, almost all the aspirin was released from the PAA
membrane in the first 18 days. While at this time point, more
than 30% of the aspirin was still retained in the PLGA-PAA
membrane. As shown in Fig. 2C, residual aspirin in PLGA-
PAA membrane can be gradually released until day 35, indi-
cating that the outer layer of the PLGA membrane might be
able to double the period of anti-inflammatory effects gener-
ated by the inner PAA layer of the PLGA-PAA membrane.

Conclusions

A PLGA-PAA sandwich-structured membrane has been
fabricated using a multilayering electrospinning technique
and tested as a novel pulp capping material. The PLGA elec-
trospun membranes coating both sides of a PAA membrane
slightly slow down ion release, and significantly prolong
aspirin release. The outer PLGA membrane layers also ele-
vate the hydrophilicity of the PAA membrane, thus promot-
ing cell adhesion, and cell proliferation in the early stage.
Finally, co-culture experiments with electrospun membranes
and cells indicate that the PLGA-PAA membrane promotes
osteogenic differentiation, with long-term anti-inflammatory
effects lasting at least 18 days. The present PLGA-PAA elec-
trospun membrane has the ability to promote dentin forma-
tion while suppress inflammation over a long period of time,
suggesting its potential applications in dental pulp regenera-
tion and repair of other bone defects.
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