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Abstract

The osteogenic effect of a composite electrospun core-shell nanofiber membrane encapsulated
with Emdogain® (EMD) was evaluated. The membrane was developed through coaxial
electrospinning using polycaprolactone as the shell and polyethylene glycol as the core. The
effects of the membrane on the osteogenic differentiation of periodontal ligament stem cells
(PDLSCs) were examined using Alizarin Red S staining and gRT-PCR. Characterization of

the nanofiber membrane demonstrated core-shell morphology with a mean diameter of ~1um.
Examination of the release of fluorescein isothiocyanate-conjugated bovine serum albumin (FITC-
BSA) from core-shell nanofibers over a 22-day period showed improved release profile of
encapsulated proteins as compared to solid nanofibers. When cultured on EMD-containing core-
shell nanofibers, PDLSCs showed significantly improved osteogenic differentiation with increased
Alizarin Red S staining and enhanced osteogenic gene expression, namely OCN, RUNXZ, ALP,
and OPN. Core-shell nanofiber membranes may improve outcomes in periodontal regenerative
therapy through simultaneous mechanical barrier and controlled drug delivery function.
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INTRODUCTION

Periodontal diseases encompass those pathologic processes affecting the periodontium,
including gingivitis and periodontitis. The public health concern is staggering, with the

most recent NHANES data reporting that nearly half (46%) of American adults over the

age of 30 have some form of periodontitis.! This is an infectious disease caused by a
primarily Gram-negative bacterial biofilm, which in turn results in an inflammatory response
mediated by cytokines and molecules such as IL-1, IL-6, PGE2, TNF-a, RANKL, and
MMPs.2 Clinically, this manifests as progressive attachment and bone loss, associated with
the presence of bacterial plaque and calculus.3

The goals of periodontal therapy are to reduce and/or eliminate inflammation caused

by bacterial plaque, correct defects caused by periodontal disease, and to regenerate
periodontal tissues. After periodontal therapy, such as scaling and root planing or osseous
surgery, healing occurs via repair, typically in the form of a long junctional epithelium

or connective tissue adhesion/attachment.:> In contrast, healing by regeneration results in
complete restoration of the lost periodontium.® Effective regeneration requires a proper
combination of signaling molecules, progenitor/stem cells, and/or extracellular matrix
mimicking scaffolds.”

Signaling molecules include proteins that stimulate the differentiation of stem cells, such
as those found in the periodontal ligament (PDL). One such group of proteins are the
enamel matrix proteins, which include amelogenin (90%), ameloblastin, enamelin, tuft
protein, proteases, and albumin.8 Enamel matrix proteins are commercially available as
Emdogain® (Straumann, Basel, Switzerland), which contains enamel matrix derivative
(EMD) from porcine tooth buds in a propylene glycol alginate carrier. Its mechanism

of action is a form of biological mimicry to stimulate periodontal regeneration, since
enamel matrix proteins play a pivotal role in the events of root development that lead

to cementogenesis and subsequent bone formation.8 Other beneficial effects of EMD
include anti-inflammatory effects, with decreased production of IL-1p and IL-8, diminished
osteoclastic activity by interfering with the OPG/RANKL balance, improved angiogenesis,
and anti-bacterial activity.8-11 Histologic evidence has shown that treatment with EMD can
result in periodontal regeneration, but not in 100% of cases.1? Nevertheless, several clinical
studies using EMD have shown significant results in probing depth reduction, clinical
attachment level gain, and bone fill.13-15

Guided tissue regeneration aims to restore the lost bone and periodontium in areas of
attachment loss by excluding epithelium and gingival connective tissue from the root
surface, allowing cells from the periodontal ligament (PDL) and bone to repopulate the
space adjacent to the root. This is achieved by using a barrier membrane over the bony
defect, such as non-resorbable polytetrafluoroethylene (PTFE) or resorbable synthetic and
collagen-based membranes. Limitations for currently available membranes, however, do
exist. Non-resorbable membranes provide mechanical strength but require an additional
surgery for removal. Resorbable collagen-based membranes are biocompatible but have
insufficient mechanical properties and unpredictable degradation profiles.” Moreover, these
membranes do not offer drug delivery function or antibacterial properties, and complications
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such as microbial colonization and post-operative infection may occur upon premature
membrane exposure.”:16

Electrospinning has emerged as one of the simplest, most cost-effective methods to

produce fibrous membranes that closely mimic the extracellular matrix of native tissue.17-19
Endowed with topographical and biological signals, electrospun nanofiber membranes have
potential use in guided tissue regeneration to provide an optimal microenvironment for

cell differentiation and proliferation.20-21 Electrospinning uses electrostatic forces to draw a
charged polymer solution into a mesh of fibers in nanometer dimensions. The conventional
type of electrospinning utilizes a single polymer, while newer methods can create fibers
with multiple components.2! One such technique is coaxial electrospinning, which produces
“core-shell” fibers made of an inner “core” containing a drug, growth factor, and/or protein,
and an outer “shell” polymer which provides mechanical properties.2223 These core-shell
nanofibers allow for direct incorporation of biologically active molecules into the core
component, enabling controlled delivery of a desired drug or protein.22:23

The goal of our current study is to develop a multifunctional core-shell electrospun
nanofiber membrane capable of delivering encapsulated EMD to periodontal ligament stem
cells (PDLSCs). We hypothesize that this core-shell nanofiber membrane could be used

for periodontal regeneration to provide a mechanical barrier for epithelial downgrowth, and
furthermore act as a delivery vehicle for biologically active molecules (such as EMD) to
induce stem cell differentiation and bone formation in periodontal defects.

2. MATERIALS AND METHODS

2.1 Materials.

Polycaprolactone (PCL) (80 kDa MW), fluorescein isothiocyanate-conjugated bovine serum
albumin (FITC-BSA), polyethylene glycol (PEG) (35 kDa MW), ascorbic acid (AA), B-
glycerophosphate (BGP), and Alizarin Red S were purchased from Sigma Aldrich (St.
Louis, MO, USA). Solvent 1,1,1,3,3,3-hexafluoro-2-isopropanol (HFIP) was purchased from
Oakwood Chemical (Estill, SC, USA). Emdogain® (enamel matrix derivative, EMD) (30
mg/mL) was obtained from Straumann (Basel, Switzerland).

2.2 Coaxial Electrospinning.

The electrospinning is based on previously published methodology from our group.23 The
shell fluid consisted of PCL (12% w/v) dissolved in HFIP. The core fluid was prepared

with 1 mg of FITC-BSA and 100 mg of PEG (10% wi/v) dissolved in 1 mL of deionized
(DI) water. Core-shell nanofibers were electrospun using a coaxial needle and a 10-kV
voltage applied between the needle and a grounded copper collecting sheet, separated by 11
cm. Electrospinning was performed at room temperature with a relative humidity of 40%
using shell/core flow rates of 2.0/0.2, 2.0/0.4, 4.0/0.2, and 4.0/0.4 mL/h. For EMD-releasing
nanofibers, the core fluid was prepared by dissolving 0.3 mL of EMD and 50 mg of PEG in
1 mL of DI water, and a shell/core flow rate of 4.0/0.4 mL/h was used.
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2.3 Characterization of Core-Shell Nanofibers.

Core-shell nanofibers were imaged via Scanning Electron Microscopy (SEM), Transmission
Electron Microscopy (TEM) and epifluorescent microscopy. For cross-sectional imaging,
the membranes were freeze-fractured in liquid nitrogen and oriented to have broken ends
perpendicular to the SEM sample stub.

2.4 Release from Core-Shell Nanofibers.

Solid nanofibers were fabricated via conventional electrospinning using a solution of PCL
and FITC-BSA. Negative controls included solid PCL nanofibers and PCL/PEG core-shell
nanofibers. The nanofibers were placed into wells of a 24-well plate, to which PBS

(1 mL) was added and then incubated at 4°C. At designated time intervals, PBS was
extracted and replenished. The PBS extracts were placed in a 48-well plate and analyzed
via a microplate reader (Synergy Mx, Biotek, Winooski, VT, USA) along with blank and
standard solutions of FITC-BSA, ranging from 0-25,000 ng/mL. Fluorescence intensity
was quantified according to the fluorescence emission maximum (528nm for FITC-BSA).
Using the resulting linear calibration curve, FITC-BSA concentrations were calculated at
each time interval. At the end of the release period, the nanofibers were dissolved in a

1:1 HFIP:DI-water solution, and fluorescence intensity was calculated. Accumulation of
release was determined and divided against the sum of the total amount of FITC-BSA in the
nanofibers (/.e. the sum of FITC-BSA released and remaining FITC-BSA after dissolving
the nanofibers).

2.5 PDLSC Isolation and Culture.

Collection of teeth for use in this study was approved by the Research Subjects Review
Board of the University of Rochester (Rochester, NY, USA). Extracted teeth with

healthy periodontal tissues were placed in Dulbecco’s Modified Eagle’s Medium (DMEM)
containing 15% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). The PDL
tissues were removed and incubated in cell medium in a humidified atmosphere of 5% CO,
at 37°C. The cells were allowed to migrate from the PDL tissues for 1 week, then filtered
using a 70 pm cell strainer (BD Falcon, USA) and seeded onto a new culture dish with cell
media change every 2 days. The cells were expanded to passage 5.

2.6 PDLSC Characterization.

PDLSCs from passage 3 were delivered to the Pryhuber Lab (University of Rochester,
Rochester, NY, USA) for antibody staining and flow cytometric analysis. The following
antibodies and fluorochromes were used and purchased from BD Biosciences (San Jose,
CA, USA) unless otherwise specified: CD105(BV 605), CD146(BV 711), CD44(BV 786),
CD34(BV 510, BioLegend, San Diego, CA, USA), CD29(AF 700, BioLegend, San Diego,
CA, USA), CD73(PE-CF594), CD45(PE-Cy5), CD90(Pe-Cy7), Ki67(FITC), and 7 AAD
(Live/Dead, Invitrogen). CD31 (PE), CD45 (V450), CD14 (BV 510) and CD19 (BV510)
were used as exclusion markers. The cells were first washed in Dulbecco’s PBS (DPBS)
and stained with 7 AAD for 10 minutes at room temperature. The cells were then washed
with DPBS with 2% BSA and blocked with 4% normal mouse serum for 10 minutes at
4°C. Next, the cells were stained for 90 minutes at 4°C in a cocktail containing anti-CD105,
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CD31, CD146, CD44, CD34, CD29, CD73, CD45, CD14, CD19 and CD90. The stained
cells were resuspended and passed through a 100 um filter and analyzed on an LSR 1l flow
cytometer (BD Biosciences, San Jose, CA, USA), along with compensation beads (Bangs
Laboratories, Fishers, IN, USA). Gating was applied to isolate single cells and to eliminate
dead cells. The cells were further gated to eliminate CD19, CD14, CD31 or CD45 positive
cells. Once these gates were applied, cells were examined for the stem cell markers of
interest, namely CD105, CD90, CD146, and CD44.

2.7 PDLSC Culture with EMD.

12-well plates were coated overnight with 0.05 mL of EMD per well. Human PDLSCs from
passage 3 were seeded at a density of 1.5 x 106 cells/well and incubated in a humidified
atmosphere of 5% CO, at 37°C with cell media change every 2-3 days. Appropriate test and
control groups were used, including cells seeded with or without EMD and/or osteogenic
enhancers. Osteogenic differentiation medium consisting of 15% FBS, 1% P/S, 50 pg/mL
AA, and 10 mM BGP in DMEM was added at 5 days after initial culture.

2.8 Evaluation of PDLSC Differentiation in the Presence of EMD.

Alizarin Red S staining was done 21 days after addition of osteogenic enhancers by
dissolving 2 g Alizarin Red S in 100 mL DI-water and adjusted to pH 4.1-4.3 using 19%
hydrochloric acid. The cells were rinsed with PBS, fixed with 10% formalin (1 mL), and
rinsed with DI-water (1 mL). The Alizarin Red S solution (1 mL) was added to each well to
cover the cellular monolayer and incubated at room temperature for 30 minutes.

2.9 Cell Seeding onto Core-Shell Nanofibers.

The nanofiber membranes were sterilized with 75% ethanol and UV irradiation. The
membranes were then rinsed in sterile PBS three times, soaked in medium, and incubated
in a humidified atmosphere of 5% CO, at 37°C overnight prior to cell seeding. Human
PDLSCs from passage 5 were seeded onto the nanofiber membranes at a density of 1.2 x
10° cells/well. The well plates were then incubated in a humidified atmosphere of 5% CO,
at 37°C. Cell media change was done every 2-3 days. Osteogenic differentiation medium
in DMEM was added at 5 days after initial culture. In the experimental group, the PCL/
PEG-EMD nanofiber membranes were placed on the well plate onto which the PDLSCs
were seeded. PCL/PEG nanofiber membranes were used as controls.

2.10 Evaluation of PDLSC Differentiation on Core-Shell Nanofibers.

At day 19 after initial cell culture in osteogenic medium, Alizarin Red S staining

and osteogenic gene expression via total RNA isolation and qRT-PCR analyses were
determined. The primer sequences for osteogenic marker genes osteocalcin (OCN), runt
related transcription factor 2 (RUNX2), alkaline phosphatase (ALA), and osteopontin
(OPN) are listed in Table 1. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and
beta actin (H-ACTIN) were used as controls. Three samples were collected from each
group, which consisted of PDLSCs cultured on the control or test membranes in the
presence of osteogenic enhancers. Total RNA was isolated with the RNeasy plus mini-kit
(Qiagen) according to the manufacturer’s recommendations. RNA purity and quantity were
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determined with NanoDrop1000 (ThermoFisher, Waltham, MA, USA) and quality was
assessed using Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). RNA
samples were reverse transcribed into cDNA using the High Capacity Reverse Transcription
kit (ThermoFisher, Waltham, MA, USA) following manufacturer’s recommendations. cDNA
from three samples of each group were pooled and used for qRT-PCR analyses. qRT-PCR
was performed in triplicate for each sample with QuantStudio 12K FLEX (ThermoFisher,
Waltham, MA, USA) with PowerSYBR Green Master Mix reagent (ThermoFisher,
Waltham, MA, USA). Comparative AACt was performed to determine relative mRNA
expression, where relative abundance of each gene was first internally normalized to the
mean expression of GAPDH and H-ACTIN.

2.11 Statistical Analyses.

All measurements are expressed as mean + standard deviation. Statistical analyses for the
fiber diameter and release data were conducted using a one-way and two-way Analysis of
Variance (ANOVA), respectively, with Bonferroni post-tests to compare groups. Statistical
analyses for the qPCR data were conducted using a two-way sample t-test. A pvalue <0.05
was considered statistically significant.

3. RESULTS

To obtain core-shell nanofiber membranes, PEG and PCL solutions were used to produce
electrospun nanofibers with a core-shell structure. Based on prior published results, 10%
PEG (wl/v, core) and 12% PCL (w/v, shell) were optimal concentrations for generating
core-shell nanofibers with desired uniformity and reproducibility (Figure 1).23 The effects
of the flow rates on fiber diameter have also been previously published by our group.23
Analyses using SEM showed bead-free fibers with a hollow structure upon freeze-fracturing
(Figure 1C and D). TEM further demonstrated the core-shell structure in about 60% of the
spun nanofibers (Figure 1E). When encapsulated with FITC-BSA, green fluorescence could
be observed in the inner core of the nanofibers (Figure 1F), demonstrating the successful
encapsulation of the protein within the nanofibers. While the 4.0/0.2 mL/h shell/core flow
rate combination produced fibers that were slightly larger than those produced by the other
three flow rates, the diameters of all core-shell fibers were similar, ranging from 0.5~1.5 pm
(Figure 2).

To determine the payload and the kinetics of the macromolecular release from the core-
shell nanofibers, FITC-BSA was encapsulated in nanofibers during coaxial electrospinning.
FITC-BSA encapsulation in core-shell fibers has been previously performed by several
groups in order to establish release rates and mechanisms.24-27 FITC-BSA consists of
FITC covalently conjugated to BSA protein, which allows for detection and subsequent
quantification of the release of BSA from the core-shell nanofibers. The release curves for
FITC-BSA from the core-shell nanofibers were found to be significantly different from
those of the solid counterpart (Figure 3A, p<0.05). The solid nanofibers showed a burst
release of FITC-BSA within the first 12 hours, with 90% of the payload released by 22
days. By contrast, all four groups of core-shell nanofibers showed a delayed release at early
time points and a sustained release (/.e., a non-zero slope) over weeks, such that only about
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40-60% of the payload was released after 22 days. When comparing the loading capacity
for nanofibers corresponding to the four flow rates indicated above, the group of 2.0/0.4
mL/h shell/core flow rates showed a higher level of FITC-BSA encapsulation than all the
other groups (Figure 3B, p<0.05). The negative control based on solid PCL nanofibers
and negative control based on PCL/PEG core-shell nanofibers both showed no detectable
fluorescence.

To further characterize the release kinetics of FITC-BSA from core-shell nanofibers,

the Ritger-Peppas model was used to analyze the release mechanisms from various
fibers.27-29 The FITC-BSA in core-shell nanofibers produced by the four different flow
rate combinations showed significantly slower release during the first few hours followed
by a more sustained phase of release that lasted for more than 20 days. When applying the
Peppas equation of fit, core-shell nanofiber membrane release exponents (n) from all four
groups were close to 0.45 (£>0.05; R2>0.9), indicating Fickian diffusion via cylinders.30
In contrast, the release exponents were much smaller than 0.45(~0.25) from FITC-BSA-
encapsulating solid nanofibers, indicating non-Fickian or quasi-Fickian diffusion (Table 2).

The EMD-containing nanofiber membrane was subsequently made with a goal to deliver
adequate EMD initially with sustained long-term release to maximize its efficacy.
Accordingly, a shell/core flow rate of 4.0/0.4 mL/h was chosen based off the release
profile of FITC-BSA, where it demonstrated greater initial and overall release of FITC-
BSA as compared to the 2.0/0.4 mL/h shell/core flow rate, while also providing greater
encapsulation as compared to the remaining groups.

The EMD-containing nanofiber membranes were used to culture PDLSCs isolated from
extracted human teeth. Flow cytometry analysis was used to establish the purity and identity
of the primary cells isolated from extracted human teeth using a panel of known stem cell
markers.31:32 As shown (Figure 4), isolated and culture expanded cells were mostly negative
for hematopoietic and endothelial cell markers CD45 and CD31 (99.8%), respectively. The
cells were also negative for CD14 and CD19, demonstrating lack of monocyte and/or B cell
contamination. Among CD31"CD45" cells, 98.6% of cells were CD105*CD90*, and 95.1%
of were CD146%7CD44"*, suggesting that greater than 95% of the culture-expanded PDL cells
expressed markers of human mesenchymal stem cells.31:32

Alizarin Red S staining was used to determine the effects of EMD-releasing nanofibers

on PDLSC differentiation. EMD had a slight positive effect on PDLSCs in culture with
normal medium in the absence of osteogenic enhancers (Figure 5A and C). Addition of
EMD in osteogenic medium strongly induced osteogenic differentiation and mineralization
of the PDLSCs (Figure 5B and D). On EMD-containing nanofibers, Alizarin Red S
staining showed greater mineralization as compared to controls in both media, with and
without osteogenic enhancers (Figure 5E-H). Further quantitative gRT-PCR results showed
a significant difference (p<0.05) in gene expression of osteogenic markers OCN, RUNX2,
ALP, and OPN (Figure 6). Upregulation of all osteogenic marker genes of interest were
noted in the PDLSCs seeded onto EMD-containing membranes as compared to the control

group.
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4. DISCUSSION

With a goal to create a multifunctional barrier membrane capable of delivery of therapeutic
agents for regeneration of periodontal tissue and bone, a core-shell nanofiber membrane
was created via coaxial electrospinning. Compared with conventional electrospun fibers,

the core-shell nanofiber membrane demonstrated sustained release of the core component
over 22 days. Experiments utilizing PDLSCs isolated from extracted human teeth further
showed that core-shell nanofiber membranes supported PDLSC culture and differentiation.
The encapsulation of EMD in nanofibers promoted osteogenic differentiation of PDLSCs as
evidenced by enhanced mineralization and increased expression of osteogenic marker genes.

Previous studies have shown that a variety of therapeutic agents including proteins can

be encapsulated and released from PCL.2%:33.34 |n most cases, the release of these agents
exhibits two phases: a relatively rapid release followed by a slow release that occurs over

a period of days or months. Since PCL is relatively hydrophobic and does not swell
significantly in aqueous solutions, leaching of molecules from PCL must occur by slow
diffusion through the polymer during the initial release stage. The slower long-term release
phase has been attributed to material degradation. Since PCL does not significantly degrade
within days, FITC-BSA release from a PCL carrier must be dominated by diffusion. Indeed,
it has been shown that PCL, although hydrophobic by itself, is porous and permits water
diffusion into the matrix which could subsequently affect the release and diffusion of
hydrophilic molecules.3> By modeling the release kinetics using the Ritger-Peppas model,
our study demonstrated that the release of hydrophilic FITC-BSA from core-shell nanofibers
is significantly different from that of solid fibers. FITC-BSA from core-shell nanofibers
was diffused more slowly via a mechanism of Fickian diffusion, whereas FITC-BSA in
solid nanofibers was released rapidly through mixed mechanisms that may involve irregular
protein transport.36

Electrospun nanofiber membranes have many potential applications due to their ability to
mimic the extracellular matrix, provide mechanical strength, and simultaneously deliver
drugs or therapeutic agents.1”21 Specifically, core-shell nanofibers allow for controlled
release of the inner “core” component to the cellular environment.22:23 Previous studies
have demonstrated the advantages of using electrospun nanofibers for periodontal tissue
regeneration.”37-41 In a study using solid PCL nanofibers containing metronidazole, the
authors observed sustained release over 19 days with low burst release.38 In another study
that incorporated tetracycline into core—shell nanofibers, there was sustained release for

75 days with only 19% of burst release within the first two hours.3° Bone formation was
observed in another study that cultured human bone marrow stromal cells on core-shell
nanofibers containing recombinant human bone morphogenetic protein 2 (rhBMP-2) and a
PCL shell.*® Using an in vivo rat model, it was demonstrated that an electrospun membrane
composed of poly(D,L-lactic acid) and poly(D,L-lactic-co-glycolic acid) could prevent
cellular infiltration up to 13 weeks.*! The available research suggests that electrospun
nanofibers can provide prolonged drug release, biocompatibility, antibacterial effects, and
mechanical properties.”-20-23.37-41
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While multiple clinical studies have demonstrated beneficial effects of EMD in the healing
of periodontal defects, the concept of delivering encapsulated EMD via core-shell nanofiber
membranes to human PDLSCs is novel. EMD-containing nanofibers provide a biomimetic
barrier membrane that promotes PDLSC recruitment and differentiation. Our study is the
first to incorporate EMD in biomimetic core-shell nanofibers and demonstrate a positive
effect on human PDLSCs. While EMD has similar regenerative effects as barrier membranes
in clinical studies, significant benefits to support the adjunctive use of EMD in addition

to barrier membranes has yet to be clearly shown.#2-44 This may be in part due to its
gelatinous nature: EMD alone does not have space maintenance properties and is best suited
for isolated, well-contained intraosseous defects.#>46 In this study, we also attempted to coat
electrospun nanofiber membranes with EMD; however the EMD coating did not adhere in
the presence of cell medium. This is akin to the challenges of intraoral EMD application in
the presence of saliva and/or blood, especially in wide defects. By enclosing EMD within
core-shell nanofibers, we created a barrier membrane with desired rigidity and controlled,
sustained drug release.

The rationale for utilizing EMD in this study stems from its well-documented, significant
biologic effects.8-1147.48 This includes enhanced cell attachment, proliferation, and growth
of PDL fibroblasts, as well as accelerated wound fill rates through a chemotactic and
proliferative effect on endothelial cells.847 EMD also upregulates genes for growth factors
such as BMP-2, BMP-7, PDGF, TGF-R, and VEGF, while modulating the OPG-RANKL
axis to indirectly favor bone formation.10.17.48

Limitations of this present study include its short duration and small dosage of EMD within
a membrane. Using a rat model, it has been found that EMD applied directly to a periodontal
defect is detectable up to 4 weeks.*® Thus, it is anticipated that EMD may persist for a
longer period when encapsulated and released via core-shell nanofibers. The results of this
19-day study show that EMD can be released slowly from nanofibers. Subsequently, its peak
effects may occur at an even later timepoint than observed here. To increase the loading dose
of EMD, layering of multiple membranes could be utilized in future in vivo models. In this
study, we also found that relative gene expression of RUNX2and OPN was greater than that
of OCN, suggesting that the PDLSCs were in an early stage of osteogenic differentiation
since these genes are upstream of OCN.30 Longer follow-up is needed to determine the
long-term effects of using such membranes for bone regeneration. Further studies using
other cell types such as osteoblasts or pulpal cells may also be of interest.

A novel idea for future research is the development of a multilayered, multifunctional,
and spatially designed bioactive core-shell nanofiber membrane. The membrane can be
functionally oriented with multiple layers containing different drugs or proteins. For
instance, on the PDL-facing side of an osseous defect, the layer could consist of
encapsulated EMD nanofibers. An inner layer may contain other encapsulated growth
factors such as rhBMP-2. On the tissue facing side, a layer containing encapsulated
antibiotics to prevent infection may be appropriate. By tailoring the function of the
membrane to its location in the defect, one could achieve more directed and predictable
outcomes.

Dent Mater J. Author manuscript; available in PMC 2021 October 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

WANG LAM et al. Page 10

5. CONCLUSIONS

We have developed a method to create a core-shell nanofiber membrane containing
encapsulated EMD. These nanofibers promoted the upregulation of osteogenic gene
expression in PDLSCs in vitro. Further studies exploring other processing parameters or
core components, as well as in vivo models are warranted. Coaxial electrospinning may
have potential use in periodontal regeneration by creating core-shell nanofiber membranes
that can simultaneously act as mechanical barriers and deliver bioactive molecules, such as
EMD, to induce stem cell differentiation and reconstitute a lost periodontium.
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Figurel.

(A) Schematic illustration of coaxial electrospinning. (B) Schematic representation of

a core-shell nanofiber. (C) SEM images of core-shell nanofibers spun at 2.0/0.4 mL/h
(shell/core flow rate). (D) SEM cross-section image of core-shell nanofibers upon freeze-
fracturing. (E) TEM image shows hollow structure and core-shell composition of nanofibers.

(F) Epifluorescent images show encapsulated FITC-BSA in nanofibers.

Dent Mater J. Author manuscript; available in PMC 2021 October 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

WANG LAM et al. Page 15

N
o
)

N
(4]
i

Outer Diameter [um]
g 5

o
i

2.0/0.2 4.0/0.2 2.0/04 4.0/04
Shell/Core Flow Rates [mL/h]

Figure2.
Outer diameter of core-shell nanofibers at varying flow rates. * indicates p<0.05.
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Figure 3.

Payload and release of FITC-BSA from core-shell nanofibers. (A) The accumulated release
from both core-shell and solid nanofibers spun with FITC-BSA over 22 days at 37°C in
PBS (n=3 for solid groups and n=4 for core-shell groups). (B) Conventional and coaxial
electrospinning nanofiber payload (N.D. = Not Detectable). * indicates p<0.05.
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Figure 4.
Phenotyping PDLSCs by flow cytometry analysis. PDLSCs were isolated and expanded as

described. Flow cytometry analysis showed that the PDLSCs were predominantly negative
for hematopoietic and endothelial markers CD45 and CD31 but strongly positive for
mesenchymal markers CD105, CD90, CD146, and CD44.
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Figureb.
Alizarin Red S staining in PDLSC culture on a plastic surface (A-D) and directly on

nanofibers (E-H). EMD was coated on a plastic surface (C, D) or encapsulated into
nanofibers (G, H). PDLSC mineralization is shown in cultures with normal medium (A,
C, E, G) or with osteogenic differentiation medium (B, D, F, H). Scale bar = 10 mm.
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Figure®6.

gRT-PCR analyses of gene expression in PDLSCs cultured on the control (PCL/PEG) and
EMD-containing (PCL/PEG-EMD) nanofibers. Relative mMRNA expression of osteogenic
markers OCN, RUNXZ, ALF, and OPN are shown. * indicates p<0.05.
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Table 1.
Primer sequences for gRT-PCR analyses of gene expression in PDLSCs cultured on electrospun core-shell
nanofibers.
Gene Full Name Primer Sequence
Forward 5-TGCCACCCAGAAGACCGT-3’
GAPDH  Glyceraldehyde phosphate dehydrogenase ,
Reverse  5-GGATGACCTTGCCCACAGC-3
Forward 5-AGAGATGGCCACGGCTGCTT-3’
H-ACTIN  Beta actin ,
Reverse  5-ATTTGCGGTGGACGATGGAG-3
Forward 5’-CCCAGGCGCTACCTGTATCAA-3’
OCN Osteocalcin , ,
Reverse  5-GGTCAGCCAACTCGTCACAGTC-3
Forward 5-CACTGGCGCTGCAACAAGA-3’
RUNX2  Runt-related transcription factor 2 ,
Reverse  5-CATTCCGGAGCTCAGCAGAATAA-3
Forward 5-CCTGGACCTCGTTGACACCT-3’
ALP Alkaline phosphatase i
Reverse  5-GTCCCCTGGCTCGAAGAGA-3
Forward 5-CGAAGTAAGTCCAACGAAAG-3’
OPN Osteopontin ,
Reverse  5-GGTGATGTCCTCGTCTGTA-3
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Table 2.
FITC-BSA release kinetic analyses.
Peppas M odel
Sample Flow Rate

Kp n R2

Solid-20  0.290+0.053 0.251+0.052 0.92

Solid-40 0.278+0.108 0.271+0.086 0.88

20002 00370013 0440%0036 0.93

FITC-BSA

40/02  0065+0.011 0.424+0036 0.94

20/04  0027+0004 0438+0022 0.96

40/04  0038+0.005 0.407+0023 0.95
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