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ABSTRACT: Although multiple regenerative strategies are being developed
for periodontal reconstruction, guided periodontal ligament (PDL)
regeneration is difficult because of its cellular and fibrous complexities.
Here, we manufactured four different types of PDL-mimic fibrous scaffolds on
a desired single mat. These scaffolds exhibited a structure of PDL matrix and
human PDL fibroblasts (PDLFs) cultured on the scaffolds resembling
morphological phenotypes present in native PDLF. The scaffold-seeded
PDLF exerted proliferative, osteoblastic, and osteoclastogenic potentials
depending on the fiber topographical cues. Fiber surface-regulated behaviors
of PDLF were correlated with the expression patterns of yes-associated
protein (YAP), CD105, periostin, osteopontin, and vinculin. Transfection
with si-RNA confirmed that YAP acted as the master mechanosensing
regulator. Of the as-spun scaffolds, aligned or grid-patterned microscale
scaffold regulated the YAP-associated behavior of PDLF more effectively than nanomicroscale or random-oriented microscale
scaffold. Implantation with hydrogel complex conjugated with microscale-patterned or grid-patterned scaffold, but not other types of
scaffolds, recovered the defected PDL with native PDL-mimic cellularization and fiber structure in the reformed PDL. Our results
demonstrate that PDL-biomimetic scaffolds regulate topography-related and YAP-mediated behaviors of PDLF in relation to their
topographies. Overall, this study may support a clinical approach of the fiber−hydrogel complex in guided PDL regenerative
engineering.
KEYWORDS: PDL-mimetic fibrous scaffold, fiber−hydrogel complex, PDL fibroblasts, yes-associated protein 1,
mechanosensitive cellular behavior, PDL regeneration

1. INTRODUCTION
Periodontitis is a chronic inflammatory disease that destructs
hard and soft tissues in the periodontium and eventually leads to
tooth loss.1−3 Although implant therapy or its combination with
surgical grafting of alveolar bone and/or gum tissues is the most
common treatment to restore tooth function, the long-term
maintenance of osseointegrated dental implants is dependent on
the health condition of the periodontium.4 In the periodontium,
periodontal ligament (PDL) plays crucial roles as the anatomical
and functional biointerface. The abnormal structure and
function of the PDL not only increase the risk of dental implant
failure but also disturb alveolar bone remodeling in response to
mechanical stimulation.5 In some cases, the hypercalcification of
PDL is also the cause of implant failure.6 Therefore, the
structural and functional maintenance of PDL are prerequisites
for the long-term survival of the implants, as well as for the
reconstruction of the periodontium.
PDL is an aligned fibrous connective tissue that tightly

attaches cementum to the surrounding alveolar bone. PDL
contains different types of bundled collagenous fibers such as
Sharpey’s and oxytalan fibers. Sharpey’s fibers are vertically

connected to the tooth and alveolar bone, whereas the oxytalan
fibers run horizontally from the tooth and support blood vessels
within the PDL.5,7 Sharpey’s fibers are also the major
component of the extracellular matrix (ECM) and attach the
periosteum to bone and muscle.8,9 The rapid turnover and high
remodeling properties of PDL are important for periodontal
reconstruction, and these are orchestrated by the potential of
Sharpey’s and oxytalan fibers to sense physiological and
mechanical stimuli and stimulate PDL fiber-attached cells.10

PDL cells are a heterogeneous cell population composed of
cementoblasts, endothelial and epithelial cells, fibroblasts,
osteoblasts, and osteoclasts.11,12 Of these cells, fibroblasts are
the most abundant and predominant type in the PDL, and a
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proportion (1−5%) are undifferentiated cells known as PDL
stem cells (PDLSCs).13−15 Numerous studies have shown that
PDL fibroblasts (PDLF) play essential roles in maintaining PDL
integrity, mediating mechanosensing signals, and regulating
alveolar bone remodeling.13−16

Currently, various biocompatible and biomimetic scaffolds in
combination with stem cells have been developed for guided
tissue engineering.17 Strategies that induce in situ or multiple
tissue regeneration with integrative structure formation are also
being introduced.18,19 As the periodontium is a complex
composed of alveolar bone, gingiva, PDL, and tooth, the
multiple tissue regenerative strategy is an ideal approach in
dental clinics.20−22 However, guided PDL regeneration is still
challenging because of the complexity of PDL, which consists of
various types of cells and collagenous fibers. Dissimilar to the
surgical grafting of bone or bone-like biomaterials, the direct
implantation of native PDL and its successful maintenance in the
periodontium are difficult. Therefore, the development of an
optimized PDL-biomimetic fibrous scaffold that specifically
controls the behavior of PDL cells and recovers PDL function is
important for efficient and successful PDL reparation.
We recently designed a new electrospinning system that

improves the conductivity of a patterned trunk microfiber for
additional branched nanonet fiber patterning that stabilizes
elongated nanonet fibers.23 We showed that the novel as-spun
setup allows the desired fabrication of various patterned fibrous
scaffolds such as microscale-aligned (m-ALFS), microscale-
grid/patterned (m-GPFS), and nanomicroscale-grid/patterned
(nm-GPFS) fibrous scaffolds. Compared with randomly
oriented microscale fibrous scaffold (m-ROFS), the patterned
scaffolds exhibit an ECM-mimic microenvironment more
accurately.23,24 Some of the patterned scaffolds tightly regulate
the mechanosensing and behavior of bone marrow mesen-
chymal stem cells (BMMSCs).23 More importantly, we found
that the patterned as-spun scaffolds, such as m-ALFS and m-
GPFS, might resemble the morphology of Sharpey’s fibers,
oxytalan fibers, or both. The nm-GPFS also exhibits fiber pattern
that mimics collagen fibrils, fibers, and/or oxytalan fibers under
mechanical stress. Taken together, it is strongly suggested that
the as-spun scaffolds may mimic the structure of native PDL
fibers and induce a recellularized PDL reparation.
In this study, we designed an all-in-one electrospinning

system to improve manufactural efficacies. The application of
all-in-one electrospinning allowed an optimized production of
patterned or randomly oriented microscale or nanomicroscale
fibrous scaffolds at the desired location on a single mat. Among
these as-spun products, patterned scaffolds represented the
structures of native PDL fibers and tightly regulated PDLF
behavior and the expression of mechanosensing molecules.
Specifically, yes-associated protein 1 (YAP)-mediated mecha-
nosignaling regulated the induction of osteopontin (OPN), a
mechanoresponsive marker for PDL maintenance, and peri-
ostin, a PDL-specificmarker in periodontal tissue remodeling. In
addition, our results show that implantation with patterned
fiber−hydrogel complex almost completely recovers a PDL
defect in an animal model. The current findings highlight crucial
roles of YAP on fiber topography-regulated cellular behaviors, as
well as on fiber−hydrogel complex-enhanced reparation of
defected PDL with normalized matrix. Overall, this study
demonstrates how patterned scaffolds regulate the behavior of
PDLF and recover a PDL defect, providing the bioadvantages of
all-in-one electrospinning to fabricate native PDL-like bio-
materials.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Equipment. Polycaprolactone (PCL, average

Mw ∼14,000), N,N,-dimethylformamide (DMF, 99.85%), tetrahy-
drofuran (THF, ≥99.9%), rat tail collagen, and 1,1,1,3,3,3-hexafluor-
oisopropanol (HFIP, ≥99%) were purchased from Sigma-Aldrich Co.
LLC (St. Louis, MI). Copper-enameled wire, silkworm cocoons,
polycarbonate sheet, and cellophane membrane were offered from
Cosmogenetech Inc. (Seoul, South Korea). A single plastic nozzle (21
gauge), a nozzle adapter, a syringe (12 cc), a polyethylene tubing (1.6
mm), and other electrospinning accessories were obtained from Nano
NC (Seoul, South Korea). The α-minimum essential medium (α-
MEM), Dulbecco’s modified Eagle’s medium (DMEM), antibiotics,
fetal bovine serum (FBS), and trypsin-EDTA (2.5%) were purchased
from Thermo Fisher Scientific (Waltham, MA). Bovine serum albumin
(BSA) was obtained from Hyclone Laboratories Inc. (Logan, UT).
Fluorescein isothiocyanate-conjugated monoclonal STRO-1, CD90,
and CD105 antibodies and phycoerythrin-conjugated monoclonal
CD45 and CD146 antibodies were purchased from BD Biosciences
(Franklin, NJ). The 4′,6-diamidino-2-phenylindole (DAPI) and
monoclonal antibodies specific to YAP and type I collagen (COLI)
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Monoclonal vinculin, OPN, and receptor activator of nuclear factor-κB
(RANKL) antibodies were obtained from Abcam (Cambridge, U.K.).
Green fluorescent actin (Actin Green 488 ReadyProbes), rhodamine
phalloidin (RP)-conjugated F-actin (R415), type I collagenase
(17018029), and dispase II (17105041) were provided from Thermo
Fisher Scientific. Bone morphogenetic protein 2 (BMP2)-conjugated
gelatin-based hydrogel (BMP2 gel) and small intestine submucosa-
based hydrogel (SIS gel) were obtained from Bioink Solution, Inc.
(Daegu, South Korea). Unless otherwise noted, other chemicals were
purchased from Sigma-Aldrich Co. LLC.
2.2. Manufacture and Characterization of All-In-One Electro-

spinning-Derived Fibrous Scaffolds. 2.2.1. All-In-One Electro-
spinning System.This system was designed to optimize the fabrication
of PDL-mimic fibrous scaffolds expressing patterned, grid/patterned, or
randomly oriented fiber morphology with microscale, nanoscale, or
both diameters on a single mat. Briefly, PCL solution (10 wt %) was
prepared in a HFIP solvent and extruded at a flow rate of 800 μL/h
using a syringe pump (NE300, NEW ERA, Farmingdale, NY). The
engineered fibrillar microenvironments together with tunable mechan-
ical and controllable architectures in the as-spun scaffolds were
materialized by modifying a metallic rotating collector, a polycarbonate
sheet, a copper wire, and/or a cellophane membrane. Electrospinning
was performed at 16 kV with a tip-to-rotor distance of 15 cm under
constant humidity (30 ± 2%) and temperature (20 ± 1 °C).

2.2.2. Morphological and Physicochemical Analyses. The
morphology of as-spun scaffolds was determined by scanning electron
microscopy (SEM; JSM-5900, JEOL, Japan), and fiber diameter was
evaluated using the fast Fourier transform (FFT) method and an
ImageJ software (Ver. 1.51, NIH, Bethesda, MD). The wetting
properties of scaffolds were determined by measuring the water contact
angle using the UNI-CAM system (Gitsoft, Seoul, South Korea).
Electric field analysis was performed using a COMSOL Metaphysics
Ver.5.5 added to an AC/DC electrostatic module under a Windows
Vista operating system. Crystallization of scaffolds was confirmed by the
two-dimensional X-ray diffractometer (2D-XRD; X’Pert Pro, Malvern
Panalytical, United Kingdom).
2.3. Cell Cultures andAssays forMechanosensing-Regulated

Cell Behavior. 2.3.1. PDL Sample Preparation and Ethic State-
ments. Rat PDL samples were obtained from the maxillary molars of
male Sprague-Dawley rats (6 weeks old; Orient Bio, Daejeon, South
Korea). This study used the animals strictly following the
recommendations in the Guide for the Animal Care and Use of the
Jeonbuk National University. All protocols were approved by the
University Committee on Ethics in the Care and Use of Laboratory
Animals (JBNU 2021-0146). Human PDL samples were offered from
healthy patients (20−30 years old) who underwent orthodontic
premolar extraction or removal of the third molar. Written informed
consent for the use of tooth and PDL samples was obtained from all
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donors with approval by the Review Board of the Jeonbuk National
University Hospital.

2.3.2. Morphological Analysis of PDL Samples. The morphology
and diameter of native PDL fibers or cells were evaluated by SEM and
transmission electron microscopy (TEM; JEM-2010, JEOL). To this
end, rat and human PDL samples were fixed in PBS (pH 7.4)
supplemented with 2% of paraformaldehyde and glutaraldehyde
overnight at 4 °C. After washing with 0.05 M sodium cacodylate
buffer, PDL samples were treated with 1% osmium tetroxide for 90 min
followed by a dehydration step using the graded ethanol solution (50−
100%). The PDL samples were infiltrated and embedded with various
concentrations of propylene oxide (PO) and epoxy 812 resin (pristine
PO, 1:1 PO/resin, 1:3 PO/resin, or neat resin). The embedded PDL
samples were sectioned at a thickness of 60−70 nm using an
ultramicrotome and observed by SEM or TEM. To further visualize
the direction of PDL fibers, SEM and TEM images were converted into
the corresponding color-coded images using Orientation J software.

2.3.3. Cultures of BMMSC and PDLF. BMMSCs were purchased
from PromoCell GmbH (C-12974, Heidelberg, Germany) and
cultured on scaffold-covered coverslips that were attached to the
bottom of a 48-well tissue culture plate (TCP). BMMSCs were grown
in α-MEM supplemented with 20% of FBS, 100 IU/mL of penicillin G,
and 100 μg/mL of streptomycin at 37 °C in a humidified atmosphere of
5% CO2. PDLFs were isolated from human teeth samples and cultured
following the methods described previously with a slight modifica-
tion.14 Detailed procedures for PDLF preparation are provided in the
Supporting Information. Both BMMSC and PDLF cultures were
maintained at 37 °C in a humidified atmosphere with 5% CO2 and
switched to a fresh batch of the same medium every 3 days. These cells
at the third passage were divided onto the scaffold-covered coverslips or
the bottom of 48-well TCP (1 × 105 cells/well). Fiber topography-
associated cellular phenotype and behavior such as proliferation,
differentiation, morphological alteration, andmechanosensing in PDLF
were evaluated and compared with that in BMMSC at various days of
incubation.

2.3.4. Characterization of Surface Markers Expressed in PDLF.
PDLFs at the first passage were harvested using 0.25% trypsin/EDTA
buffer and fixed with 4% formaldehyde for 30 min. After washing with
0.2% of BSA-included PBS, cells were incubated for 30 min in PBS-
containing antibodies specific to cell surface markers such as STRO-1,
CD45, CD90, CD105, and CD146. Population of cells expressing these
markers was analyzed by flow cytometry using an FACS Calibur flow
cytometer (BD Biosciences) and FlowJo software (FlowJo, LLC,
Ashland, OR).

2.3.5. Assays for the Fiber Topography-Related Morphological
Alterations in PDLF. We evaluated how cytoplasmic phenotypes of
PDLFs are affected in relation to fiber topographies of scaffolds by
staining with green actin and RP-conjugated F-actin after 5 days of
incubation. The morphology of the PDLF grown on scaffolds or TCP
was observed by field emission-SEM (FE-SEM) (Gemini500, Carl
Zeiss, Oberkochen, Germany). The intensities specific to green
fluorescence and RP that indicate a characteristic elongation and the
migration of cells along the fibers were observed by confocal laser
scanning microscopy (CLSM, Carl Zeiss). To evaluate the cytoplasmic
directionality and length of PDLF, the roundness, aspect ratio, and
circularity were measured using NeuronJ plugin software. The formulas
applied to calculate these parameters are shown in Figure S1. Fiber
topography-associated alteration in the morphology of cultured PDLF
was also determined by a false color-coded imaging in SEM images.

2.3.6. Immunofluorescence Staining and Imaging. PDLFs grown
on scaffolds or TCP were fixed at 5 days post incubation and stained
with anti-YAP, antivinculin, anti-OPN, anti-COLI, or antiperiostin
antibody in a dilution of 1:200. These cells were treated with Alexa
Fluor 488-conjugated antigoat IgG (1:500, Abcam), Alexa Fluor 633-
conjugated antirabbit IgG (1:300, Abcam), or Alexa Fluor 594-
conjugated antirabbit IgG (1:300, Abcam) and counterstained with
DAPI. The relative expression intensity (a.u.) between YAP, vinculin,
OPN, periostin, and/or COLI along with cytoplasmic phenotypes was
determined by CLSM. YAP-specific intensity and cellular localization in
cultured PDLF were determined at 5 days post incubation by CLSM

after staining with anti-YAP antibody and DAPI. The nuclear size that
means the distance from the bottom to the top nuclear edge was
determined from CLSM images, in which imaging and data analysis in
2D were performed.25 The relationship between YAP expression and
cytoskeletal morphology was also evaluated by reconstructing CLSM
images using ImageJ and ZEN microscope software. In addition,
cellular YAP localization and intensity along with traction force in
cultured PDLFs were also estimated by three-dimensional (3D) shape
remodeling using a Z-stacking program. To estimate the cell infiltration
of PDLF into the scaffolds, the 3D cell cross-sectional area (μm2) was
also measured by rotating (90°) 3D reconstructive CLSM images in the
X-axis direction using the Z-stacking program.

2.3.7. Focal Adhesion (FA) Formation Assessment. The traction
force exposed to PDLF was also evaluated by determining the
penetration of these cells in relation to the pattern and scale of the fibers
using SEM, as described previously.23 Briefly, the average area and
number of 3D-generated FAs in cultured PDLFs were analyzed using
the Z-stack technique in the programs of ImageJ and ZEN (Figure S2).
The images of vinculin-stained PDLF were subtracted by “subtraction
of background” tool in a “sliding paraboloid” option. After enhancing
the contrasted images by the contrast-limited adaptive histogram
equalization, the background of images was removed using the function
of “mathematical and exponential”. The images were binarized using
the “threshold” command, and the quantified number and area of
vinculin-stained FA particles were obtained using the “analyze particles”
command.

2.3.8. Flow Cytometric Analysis. PDLF and BMMSC at the third
passage were incubated on scaffolds or TCP in growth medium. At 5
days post incubation, cells were processed for fixation and
permeabilization using a fixation/permeabilization solution and
perm/wash buffer (BD Biosciences). After washing, cells were stained
with an MSC-specific surface marker, CD105, in combination with and
without anti-YAP and anti-OPN antibodies. Cell populations positively
expressing YAP, OPN, CD105, or all of them were analyzed using a
multicolor flow cytometer (BD Biosciences) and FlowJo software.

2.3.9. Proliferation and Differentiation Assays. Cell proliferation
rate was determined using Cell Counting Kit-8 (CCK-8; Dojindo
Molecular Tech., Kumamoto, Japan) following the manufacturer’s
instructions. The optical density specific to the yellow-colored
formazan was determined at 450 nm using a microplate reader
(SPECTROstar Nano, BMG LABTECH, Ortenberg, Germany).
Osteogenic differentiation of PDLF was determined by Alizarin Red
S (ARS) staining after incubation in osteogenic medium (DMEM
supplemented with 5% of FBS, 100 nM of dexamethasone, 50 μM of
ascorbic acid, and 10 mM of β-glycerophosphate (DAG)). The
potential of PDLF to stimulate osteoclastic differentiation was
determined using a combined culture system with bone marrow
monocytes (BMM), as described previously.26 Here, RPMI-1640
medium supplemented with 100 nM of dexamethasone and 10 nM of
vitamin D3 (DVD) was used as the osteoclastogenic medium.
Osteoclast formation was determined by tartrate-resistant acid
phosphatase (TRAP) staining using a leukocyte acid phosphatase kit
(COSMO BIO CO., LTD, Tokyo, Japan). The detailed methods for
these assays are described in the Supporting Information.

2.3.10. si-YAP Transfection Assay. PDLFs were transfected with
YAP-specific small interfering (si) or nonspecific si-control RNAs
(Santa Cruz Biotechnology) according to the manufacturer’s
instructions. At 5 days post transfection, the proliferation rate of the
cells was determined by measuring the CCK-8 dye-specific optical
density at 450 nm. The impact of si-YAP on the mineralization of PDLF
was analyzed by measuring the ARS-specific optical density at 14 days
post incubation in osteogenic medium. The si-RNA-transfected PDLFs
were also immunostained with anti-OPN and its specific secondary
antibodies at 5 days post incubation. The OPN-specific intensity (a.u.)
and morphological characteristics such as roundness, aspect ratio, and
circularity were determined by CLSM.
2.4. Construction of Fiber−Hydrogel Complex (FHGC) and

Assays for PDL Regeneration. 2.4.1. Fabrication and Character-
ization of FHGC. Briefly, each of the scaffolds was cross-linked with a
decalcified ECM-mimic SIS gel and exposed to UV light for 6 min at
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365 nm. The scaffold-SIS gels were cut into a thickness of 300 μm
perpendicular to the direction of scaffolds, and covered with BMP2 gels.
After exposure to UV light for 1 min, the fiber−hydrogel complexes,
FHGCs, were cut into a circle form (1 mm diameter × 1 mm depth)
and kept at 4 °C until use. SIS and BMP2 gel complex (GC) without a
linking with scaffold were used as the material comparative to FHGC.
The FHGC was characterized using a Fourier transform infrared
(FTIR) spectrometer (Bomen, Canada), XRD, and universal testing
machine (MTDI Inc., Seoul, South Korea). Detailed methods for the
characterization are provided in the Supporting Information.

2.4.2. Creation of PDL Defect and Implantation with GC or FHGC.
The male rats (7 weeks old) received a general anesthesia via the
intramuscular injection of Rompun (10 mg/kg; Bayer Korea Ltd.,
Seoul, South Korea) and Zoletil (0.4 mL/kg; Virbac Laboratories,
Carros, France). Operation region was treated with 10% betadine (Sam
Li Korea, Seoul, South Korea), and gingiva was carefully excised from
the periodontium. Circular defect (1 mm diameter × 1 mm length) of
the PDL including a portion of alveolar bone was created in the
maxillary region using a trephine bur (TB-4, MCT Bio., Seongnam,
South Korea). Defected regions were implanted with FHGC or GC,

Figure 1. All-in-one electrospinning and electric field distribution for optimized fiber patterning. (A) Illustration of the optimized setup of the ground
that is different for each fiber pattern. (B) Illustration of the collector modified to copper wire, cellophane tape, and corrugated (or not) polycarbonate
film. (C) Additional ground installed for additional nanonet patterning frommicrofibers. (D) A schematic illustration of the all-in-one electrospinning
that allows complete control and simultaneous patterning of microfibers or in combination with nanonets on a desired single mat. (E) Digital
photograph of the alignment fibers on tape and grid-patterned fibers between the corrugated pitches (from crest to crest), where the red dot lines of the
images highlight the morphology of the polycarbonate film. (F) Illustration of the detailed information of the corrugated polycarbonate sheet under
bending attached to the rotating collector. (G) Electric field distribution in infinity domains and electrical potential graphs of themagnified part formed
on cellophane tapes along different xz-cutting planes or (H) on corrugated pitch and crest-top of corrugation of the polycarbonate film. The magnified
part of the electric field distribution in infinity domains formed on a corrugated polycarbonate film (I) without or (J) with tape.
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and surgical sites were sutured with 6−0 chromic gut internally and 4-0
silk externally. Postoperative prophylaxis was performed by the
intramuscular injection of Amikacin (20 mg/mL) at a dose of 0.15
mL/kg of bodyweight for 3 days. In this assay, rats that received surgical
defect only were used as the sham group.

2.4.3. Evaluation of FHGC-Induced PDL Reparation. Periodontal
tissue samples including defected regions were obtained at 8 weeks post
surgery, fixed in 4% paraformaldehyde, and decalcified in 17% EDTA
for 3 weeks. The samples were dehydrated with a graded series of
ethanol (70, 80, 90, and 100%), embedded with paraffin, and sectioned
horizontally to the tooth and alveolar bone into a thickness of 7 μm.The
sectioned samples were stained with hematoxylin and eosin (H&E),
and the thickness of the reformed PDL was calculated at two regions
that are vertical to the tooth. To examine whether there is a relationship
between PDL regeneration and alveolar bone healing, the value of
alveolar bone volume (BV; mm3) in defected regions was evaluated by

microcomputed tomography (μCT). Expression of YAP in the
reformed PDL was analyzed by immunohistochemistry (IHC) using
anti-YAP antibody and mouse-anti-Vectastain ABC DAB-HRP kit
(Vector Laboratories, Burlingame, CA) following the manufacturer’s
instructions. Based on the IHC results, the expression pattern of YAP
and number of PDL cells exhibiting a round-shaped or fiber-oriented
elongation were evaluated. Levels of YAP and OPN in the reformed
PDL were also determined by CLSM after immunofluorescence
staining. In addition, fiber patterning and diameter (nm) in the
reformed PDL of the animal groups were analyzed by TEM.
2.5. Statistical Analyses. All data are represented as the mean ±

standard deviation (SD) and analyzed using SPSS version 16.0
software. Differences between two groups were analyzed by unpaired
Student’s t-test. One-way analysis of variance (ANOVA) followed by a
post hoc Tukey test was used for multiple comparisons among more

Figure 2. As-spun scaffolds mimic the oriented structure and diameter of native PDL fibers. (A) Composition of the periodontium (upper panel) and
structure and location of the PDL fibers including lymph and blood vessels (below panel). (B) Illustrations exhibiting the structure of the Sharpey
fibers and a cross-linked form with oxytalan fibers. (C) Illustrations describing the average diameters of PDL fibers and fibrils present in rats and
humans. (D) SEM images showing the morphologies of aligned, grid/patterned, and randomly oriented fibrous scaffolds, where the scaffold-specific
diameters of microfibers (a and b) and nanonets (c and d) are shown. Bar = 100 μm in m-ALFS, m-GPFS, and m-ROFS, or 50 μm in nm-GPFS. (E)
Schematic diagrams showing that the morphology and structure of the as-spun scaffolds mimic that of Sharpey’s and/or oxytalan fibers present in the
PDL. (F) The plots of frequency and 2D FFT output images for the representative SEM images of each scaffold. AB, alveolar bone; G, gingiva; T,
tooth; SF, Sharpey’s fiber; OF, oxytalan fiber.
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Figure 3. Scaffold-seeded PDLFs exhibit fiber-specific morphologies similar to the cells present in the PDL. (A) H&E-stained images of rat
periodontium, where the fiber-oriented (white dotted lines) and round-shaped PDL cells (white dotted circles) are indicated (below panel). (B) TEM
images showing the fiber-dependent elongated or round-shaped cells in rat PDL. Bar = 2 μm. (C) False color-coded SEM images showing the
morphological peculiarity of PDLF grown on the as-spun scaffolds. Bar = 0.5 μm. Fiber topography-dependent elongation and round-shaped
morphologies in cultured PDLF are shown by (D) TEM and (E) CLSM after staining with actin (green) and RP-F-actin (red). Bar = 50 μm.
Illustrations describing the cytoskeletal directionality, length, and spreading size of scaffold- or TCP-seeded PDLF using (F) ImageJ and (G) NeuronJ
plugin. (H) Roundness, (I) aspect ratio, and (J) circularity of PDLF grown on the as-spun scaffolds or TCP. The superscripts(a−c) represent a
significant difference at p < 0.05 among the groups by ANOVA (n = 5).
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than two groups. A value of p < 0.05 was considered statistically
significant.

3. RESULTS
3.1. All-In-One Electrospinning and Electric Field

Simulations. Figure 1A shows an additional plate-shaped
ground plane that is installed under the current collector to
achieve the simultaneous patterning of nanonets and micro-
fibers. Detailed information regarding the design of an
optimized setup for nanonet patterning with additional ground
in the fabrication of nm-GPFS is provided in Figure S3A,B.
Digital images of collector modification for the fabrication of m-
ALFS and m-GPFS are also shown in Figure S3C. When several
copper-enameled wires were attached to the polycarbonate film
at intervals of 3−8 cm in combination with the cellophane tape,
an increased density of fibers along with a decreased diameter of
the cellophane tape was obtained in aligned fibrous scaffold
(Figure 1B-i). The direction of the cellophane tape to copper-
enameled wires determined fiber orientation in the m-ALFS
(Figure 1B-ii). Corrugated polycarbonate films and additional
plate-type ground were also applied to develop engineered
fibrillar microenvironments with a controllable architecture. In
this regard, the attachment of the corrugated polycarbonate film
under the rotor-attached bending instead of a flat film allowed a
grid-patterning in the m-GPFS (Figure 1B-iii). The installation
of an additional plate-shaped ground plane under the current
collector also provided an optimized setup to simultaneously
pattern nanonets from microfibers in the nm-GPFS (Figure 1C-
iv). We found that nanonets in the nm-GPFS were mainly filled
in an orthogonal direction across the aligned and radial fibers
(red lines, i + iv), whereas the nanonets between the lattice and
random pattern fibers (green lines, iii + iv) were irregularly filled.
The illustration and digital photographs in Figure 1D show
various fiber patterning fabricated on a desired singlemat via one
or more application of the modified methods. The digital
photographs in Figure 1E indicate the taping zone of patterned
fibers deposited with a flat or corrugated polycarbonate film.
Morphological information of a corrugated polycarbonate film
under a bending attached to the rotor is also shown in Figure 1F.
As an electric field is the major driving force to control the

pattern and density of fibers, we performed electric field
simulations using the COMSOL program with the AC/DC
module. Based on the electrical potential graph, an apparent
difference between the edge of cellophane tape where electric
charges had been accumulated by the copper wire and other part
of cellophane tape was found (Figure 1G). In contrast, such a
difference between the periphery and the tape tended to be
varied depending on the thickness of the tape (Figure 1G-a).
The difference induced by the tape thickness allowed different
densities of aligned nanofibers. Copper wires supplied a constant
electric charge to the cellophane tape to uniformly deposit the
fibers aligned into a uniaxial array on the cellophane tape (Figure
1G-b). Figure 1H exhibits a change of charge accumulated in the
crest-top of corrugation that is applied to fabricate grid-
patterned fibers. This figure not only indicates the crest-tops
of the corrugations that act as parallel electrodes, thereby
forming a uniaxially aligned array, but also shows sharp peaks at
the crest-tops of the corrugations.We also found that the electric
field between the corrugated pitches was formed with an
appropriate strength in an orthogonal direction to the electric
field formed by the copper wire and the tape, as well as with the
fiber patterning in an orthogonal shape (Figure 1I,J).
Furthermore, this study highlights the advantages of the

developed electrospinning in the formation of patterned
nanonets (Figure S4A−D). All of these data demonstrate that
the developed electrospinning setup overcomes the limitations
derived from the parallel electrode setup by transferring the
residual charge that causes a strong electric repulsion acting
between adjacent fibers across the air gap into the cellophane
membrane.
3.2. Native PDL Matrix-Mimetic Structure, Orienta-

tion, and Diameter of the As-Spun Scaffolds. Figure S5
illustrates the location, orientation, and structural and
morphological phenotypes of Sharpey’s and oxytalan fibers in
rat and/or human PDL samples. These SEM and TEM images
indicated that the PDL fibrous matrix consisted mainly of
Sharpey’s and oxytalan fibers with an aligned or cross-linked
form (Figure 2A,B). Considering the SEM and TEM images, the
mean diameters of bundled PDL collagen fibers and fibrils were
estimated as∼1.7 μm and∼70 nm in rats and∼3.1 μm and∼90
nm in humans, respectively (Figure 2C). SEM images exhibited
a characteristic patterning or random-orientation corresponding
to each of the as-spun scaffolds, where the average diameters of
microscale and nanonet fibers in the scaffolds were 1.71 and 0.12
μm, respectively (Figure 2D). These images also indicated that
the structure of the m-ALFS mimics that of Sharpey’s fibers
(Figure 2D-i,E), while that of m-GPFS exhibits its cross-linked
structure with oxytalan fibers (Figure 2D-iii,E). The nm-GPFS
showed a PDL fibrous structure composed of PDL-mimicking
microfibers and nanonet-patterned fibers (Figure 2D-ii,E).
However, it is considered that the structure of m-ROFS is
different from that present in native PDL, even though it may
express a microscale structure corresponding to Sharpey’s and/
or oxytalan fibers (Figure 2D-iv,E). To further investigate the
fiber orientation, the representative SEM images of each scaffold
were converted to frequency plot and 2D FFT output images,
presenting as grayscale pixels (Figure 2F). As shown in the
figure, the m-ROFS showed apparently different properties
compared with that of other fibrous scaffolds, in which the m-
GPFS revealed a relatively broad distribution of the microfiber
angle (blue box) than did m-ALFS or nm-GPFS.
3.3. Fiber Topography-Dependent Morphological

Phenotypes of PDLFs. Morphology, behavior, and the
function of PDLF could be tightly affected by their location
within the PDL, as well as by the structure of the surrounding
fibers such as Sharpey’s and oxytalan fibers. We monitored how
PDLFs exhibit their morphological phenotypes in the intact
PDL and whether their morphologies are altered depending on
the structure of PDL fibers. The results from the H&E staining
of rat PDL revealed that PDLFs are mostly oriented along the
fibers together with a few round-shaped cells near the cementum
and alveolar bone (Figure 3A). TEM images clarified the
presence of fiber-oriented and round-shaped cells in a rat PDL
sample (Figure 3B). False color coding in SEM images
supported the fiber surface-dependent morphology of PDLF,
in which m-ALFS- and m-GPFS-seeded cells exhibited an
elongated and fiber-oriented morphology, whereas nm-GPFS
and m-ROFS are predominantly small and round-shaped
(Figure 3C). The fiber topography-related alteration in
morphology and cytoskeletal organization was also observed
in the cultured PDLF by SEM (Figure 3D). Similarly, CLSM
images revealed that almost all PDLFs grown on m-ALFS and
m-GPFS expressed fiber-oriented and elongated cytoskeletal
organization, but approximately 90% of the cells on nm-GPFS
and m-ROFS exhibited a round morphology (Figure 3E). The
evaluation of fluorescence intensity specific to F-actin using
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ImageJ (Figure 3F) and NeuronJ plugin (Figure 3G) also
supported fiber surface-dependent morphological alterations in
cultured PDLF. In addition, the PDLF grown on nm-GPFS or
m-ROFS showed greater roundness (Figure 3H) and circularity
(Figure 3J) compared with those grown onm-ALFS orm-GPFS,
whereas the aspect ratio (Figure 3I) of the cells on m-ALFS and
m-GPFS was significantly higher than that on nm-GPFS and m-
ROFS. The PDLF grown on TCP revealed similar values of
roundness, aspect ratio, and circularity to that of m-ALFS- or m-
GPFS-seeded cells despite their cytoskeletal spreading greater
than that on the scaffolds.
3.4. Characterization of Cell Surface Markers in PDLF

and Their Relationship with the Expression of CD105,
YAP, and OPN. PDL contains various types of cells together
with a few PDLSCs. We determined the expression patterns of
several MSC-associated surface markers in PDLF and

investigated how the as-spun scaffolds alter the expression of
surface markers by flow cytometric analysis. The PDLF grown
on TCP exhibited fibroblast-specific morphology both at the
first (Figure 4A-i) and the third passages (Figure 4A-ii), whereas
a proportion of the cells showed a clonogenic morphology only
at the first passage. Similar to previous findings,14 CD90,
CD105, and CD146, but not CD45, were highly expressed in
almost all of the PDLFs cultured on TCP at the first passage,
whereas approximately 2% expressed STRO-1, a PDLSC-
specific surface marker (Figure 4B,C). Compared with the first
passage, all PDLF cultures showed a marked reduction in
CD105 at the third passage after 5 days of incubation, regardless
of cultures on the fibrous scaffold or TCP (Figure 4D). Among
the cultures, the PDLF incubated on m-ROFS exhibited the
lowest level of CD105-expressing cells. Interestingly, however,
the PDLF incubated on m-ALFS, nm-GPFS, m-GPFS, or TCP,

Figure 4. Expression of MSC-specific surface markers and mechanosensing molecules in PDLF differed from that in BMMSC. (A) Morphological
observation of PDLF at (i) the first and (ii) the third passages by optic microscopy. (B) Populations expressing the indicated surface markers in PDLF
at the first passage. (C) The mean population (%) of PDLF expressing each of the surface markers (n = 3). (D) Level of CD105-positive PDLF at the
third passage. (E) Numbers of CD105-positive PDLF and BMMSC at the third passage (n = 3). (F) The correlated expression patterns between
CD105 and YAP or OPN in the PDLF cultures at the third passage. (G) The population (%) of cells expressing YAP, OPN, or both in CD105-positive
PDLF and BMMSC. (H) Relative expression of OPN to that of YAP in PDLF and BMMSC (n = 4). PDLFs in panels A−C were cultured on TCP,
whereas the cells in panels D−H were on the indicated fibrous scaffolds or TCP. *p < 0.05, **p < 0.01, and ***p < 0.001 vs the values in PDLF by
unpaired Student’s t-test.
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but not on m-ROFS, revealed significantly higher numbers of
CD105-expressing cells compared with BMMSC at the same
passage and incubation time (Figure 4E). Dissimilar to BMMSC
(Figure S6), the cultured PDLF also indicated that the
expression of CD105 is entirely proportional to that of YAP
and OPN regardless of the incubation on scaffolds or TCP
(Figure 4F). We further analyzed the pattern of PDLF
expressing YAP, OPN, or both in the CD105-positive cells by
gating the marker-expressing cells. Both PDLF and BMMSC

showed greater expression of OPN compared with that of YAP,
whereas the numbers of cells expressing both YAP and OPN
were higher in BMMSC than in PDLF (Figure 4G). A
significantly greater level of OPN to that of YAP was determined
in CD105-expressing cells in PDLF cultured on scaffolds, but
not on TCP, than in BMMSC (Figure 4H). These results
indicate that the expression of YAP in PDLF is correlated with
that of OPN and CD105, and this is affected differently in
relation to the fiber topographies of scaffolds.

Figure 5. Fiber topography-regulated morphological phenotypes in cultured PDLF are correlated with the expression of mechanosensing molecules
and FA formation. (A) Themerged CLSM images showing the expression pattern and cellular location of YAP (green) and vinculin (red) in PDLF at 5
days post incubation. Bar = 100 μm. (B) The area of PDLF (n = 5) and (C) the mean fluorescence intensity (a.u.) specific to YAP (n = 5). (D) CLSM
images exhibiting the expression and cellular localization of YAP in cultured PDLF at 5 days post incubation. Bar = 50 μm. (E) The relative
fluorescence intensity (%) of cytoplasmic and nuclear YAP in cultured PDLF (n = 5). (F) The orthogonal and cross-sectional z-stack nuclear
morphology together with the mean nuclear thickness (μm) in cultured PDLF. (G) Schematic diagrams representing the fiber surface-dependent
intensity and localization of YAP along with traction force in cultured PDLF. (H)Themean fluorescence intensity (a.u.) specific to vinculin (n = 5). (I)
Cell cross-sectional area (n = 5). (J) Number of FA per cell (n = 5). (K) Average FA area (n = 5). (L) Schematic diagram showing the relationship
between surface-dependent FA formation and cell traction force (2D or 3D) for scaffolds composed of nanonets and microfibers. The superscripts(a−d)
represent a significant difference at p < 0.05 among the groups by ANOVA (n = 5).
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3.5. Correlation of FA Formation and YAP Expression
and Localization with the Area and Dimension of
Scaffold-Seeded PDLF. We subsequently investigated
whether there is a relationship between the expression and
intensity of YAP and FA formation with morphological
alterations of scaffold-seeded PDLF. The merged CLSM images
from immunofluorescence staining showed that cultured PDLFs
express vinculin, OPN, COLI, and YAP in relation to the fiber

topographic cues (Figures 5A and S7A). The area (μm2) of
cultured PDLF was closely associated with the intensity (a.u.) of
YAP, where the cells grown on m-ALFS or m-GPFS revealed
greater cell area than did the nm-GPFS or m-ROFS (Figure
5B,C). The calculation of fluorescence intensity specific to OPN
and COL1 also indicated the correlation of OPN with the fiber
topographic-related morphology of PDLF (Figure S7B). We
next evaluated the expression intensity of YAP and its nuclear-

Figure 6. PDLF exerts different proliferating and differentiating potentials in relation to the fiber topographical cues of scaffolds, as well as via the
regulation of YAP-mediated signaling. (A) CCK-8 dye-specific optical density in PDLF incubated for 1, 3, or 5 days. (B) ARS staining showing the
DAG-mediated mineralization of PDLF. (C) TRAP staining exhibiting the formation of multinucleated cells (MNCs) in combined cultures with
PDLF and BMM. (D)Themean optical density specific to ARS dye (n= 3) in the PDLF cultures and (E) the number of TRAP-positiveMNCs/well (n
= 5) in the combined cultures with BMM. (F) CLSM images showing the expression of RANKL (green) in cultured PDLF (Bar = 100 μm) and its
mean fluorescence intensity (a.u.) (n = 5). (G) The mean optical density specific to CCK-8 dye in si-control and si-YAP transfected PDLF at 5 days
post incubation (n = 5). (H) ARS staining showing the mineralization in the transfected PDLF. (I) The mean optical density specific to ARS dye in the
transfected PDLF (n = 5). (J) CLSM images showing OPN expression in the cells. (K) The mean fluorescence intensity (a.u.) of OPN in the PDLF
cultures (n = 5). (L) Roundness, (M) aspect ratio, and (N) circularity in the transfected PDLF (n = 5). The superscripts(a and b) represent a significant
difference at p < 0.05 among the groups by ANOVA (n = 5). *p < 0.05, **p < 0.01, and ***p < 0.001 vs the si-control PDLF by unpaired Student’s t-
test.
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cytoplasmic shuttling by using CLSM. The expression pattern of
YAP along with cellular morphology differed in relation to the
fiber topographies of scaffolds (Figure 5D). The PDLF grown
on m-ALFS or m-GPFS showed YAP-specific intensity in the
nucleus more greatly than in the cytoplasm compared with the
cells seeded on nm-GPFS orm-ROFS (Figure 5E). Similarly, the
nuclear shape remodeling via z-stacked 3D construction
represented greater nuclear thickness in the PDLF grown on
m-ALFS or m-GPFS compared with that grown on nm-GPFS or
m-ROFS (Figure 5F). These results indicate that the intensity
and localization of YAP in cultured PDLF are tightly affected
depending on the fiber topographies of scaffolds, where m-ALFS
and m-GPFS exhibit higher YAP expression than do other
scaffolds (Figure 5G). Our results also postulate a closed
relationship between the expression and nuclear localization of
YAP and the spreading and nuclear thickness of PDLF. While
the traction force may induce the nuclear localization of YAP,
FAsmodulate the force transfer bymediating external or internal
responses derived from the cytoskeletal network. Vinculin is one
of the major components of FAs and regulates cell shape, area,
and traction force. Thus, we further evaluated the relationship
between FA formation and traction force based on the CLSM
images of vinculin/YAP-double-stained PDLF. Both m-ALFS
and m-GPFS exhibited greater values in the intensity of vinculin
(Figure 5H), 3D cell cross-sectional area (Figure 5I), and FA

numbers (Figure 5J), although the average FA area did not differ
among the groups (Figure 5K). Similar to the result shown in
Figure 5I, SEM images indicated fiber topography-dependent
3D cell morphology and spreading of PDLF (Figure S8). Based
on the SEM images, we analyzed the number and area of 3D-
generated FA using the Z-stack technique in the programs of
ImageJ and ZEN. Figure 5L shows a schematic diagram that
supports the apparent FA formation and cell spreading of PDLF
grown on m-GPFS or m-ALFS. Taken together, our results
indicate a close association between morphological phenotypes
and YAP expression, traction force, and/or FA formation in
relation to the fiber topographies of scaffolds.
3.6. Fiber Topography-Associated and YAP-Regulated

Proliferation and Differentiation of PDLF. We evaluated
the fiber topography-associated impacts of scaffolds on PDLF
proliferation by CCK-8 assay. We also examined the effects of
scaffolds on the osteogenic differentiation of PDLF by ARS
staining, as well as on osteoclastic activation by TRAP staining.
In these assays, the PDLFs incubated on TCP were used as a
comparative control group. In TRAP staining assay, PDLFs were
used as mechanosensitive and osteoclastogenic feeder cells in
the combined culture with BMM. Similar to that in TCP-seeded
PDLF, the growth rate of scaffold-seeded cells was in an
incubation time-dependent manner, and m-ALFS and m-GPFS
stimulated PDLF proliferation more greatly than nm-GPFS and

Figure 7. YAP-mediated signaling modulates periostin, a PDL essential marker for periodontal tissue remodeling. CLSM images showing the
expression of periostin (red) and YAP (yellow) in the PDLF transfected with (A) si-control or (B) si-YAP at 5 days post incubation (n = 5). Bar = 100
μm. (C) CLSM images were converted into 2.5D (pseudo 3D) images, by which the fiber topography-associated signals specific to YAP (yellow) and
periostin (red) were provided. (D) The mean fluorescence intensity (a.u.) specific to periostin (n = 5). (E) The mean fluorescence intensity (a.u.) of
periostin in the PDLF transfected with si-control or si-YAP at 5 days post incubation (n = 5). The superscripts(a and b) represent a significant difference
at p < 0.05 among the groups by ANOVA (n = 5). *p < 0.05 and ***p < 0.001 vs the si-control PDLF by unpaired Student’s t-test.
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m-ROFS (Figure 6A). When PDLFs were incubated on TCP in
medium containing DAG or DAG-free medium for 14 days, a
marked mineralization was found only in the DAG-treated
culture (Figure 6B). The cultured PDLF in combination with
BMM for 7 days in the presence of DVD induced the formation
of multinucleated osteoclasts (Figure 6C). The PDLF cultured
on scaffolds in DAG-supplemented medium for 14 days showed
ARS dye-specific optical density similar to that of TCP-seeded
cells (Figure 6D). However, the number of TRAP-positive
multinucleated cells was significantly higher in the combined
cultures on m-ROFS compared with that on TCP, m-GPFS, or
m-ALFS (Figure 6E). Similarly, immunofluorescence staining of
the PDLF incubated in DVD-supplemented medium for 5 days
showed that the m-ROFS-seeded PDLF expressed the highest
RANKL-specific intensity (a.u.) among the control and
experimental groups (Figure 6F). To understand the regulatory
roles of YAP on PDLF behavior, we knocked down the
expression of YAP in PDLF by si-RNA transfection and
evaluated the si-YAP impacts on proliferation, mineralization,
OPN expression, andmorphological alteration. All cultures of si-
YAP-transfected PDLF on scaffolds or TCP showed a
significantly lower proliferation rate compared with the si-
control cells (Figure 6G). The si-YAP transfection diminished
DAG-mediated mineralization of PDLF regardless of the
cultures on scaffolds or TCP (Figure 6H,I). The expression
level of OPN in the cells grown on nm-GPFS, m-GPFS, or m-
ALFS, but not on m-ROFS, was significantly diminished by si-
YAP transfection (Figure 6J,K). The si-YAP transfection also
markedly changed the cytoskeletal morphology of PDLF
depending on the fiber topography of the scaffolds, in which
the roundness and circularity of the cells grown on m-ALFS, m-
GPFS, or TCPwere significantly augmented compared with that
of the si-control cells (Figure 6L,N). In contrast, the si-YAP-
mediated reduction of aspect ratio was found only in the m-
ALFS-seeded PDLF (Figure 6M). These results strongly
support the fiber topography-associated and YAP-mediated
regulation of PDLF behaviors such as proliferation, differ-
entiation, and morphological characteristics.
3.7. Fiber Topography-Associated and YAP-Regulated

Expression of Periostin. The YAP signaling pathway plays a

key role in the mechanosignal transduction. All of the current
findings indicate the crucial roles of YAP in regulating fiber
topography-associated behaviors of PDLF. To further verify the
regulatory role of YAP on the morphology of PDLF, the fiber
topography-associated expression of periostin in the PDLF
transfected with si-YAP or si-control was analyzed by CLSM.
Similar to the expression patterns of actin (Figure 3E), vinculin
(Figure 5A), and OPN (Figure S7A), the expression of periostin
was correlated with the fiber topography-associated morpho-
logical alterations of PDLF (Figure 7A). PDLFs grown on m-
ALFS and m-GPFS revealed further spread and fiber-oriented
morphologies compared with the cells on m-ALFS or nm-GPFS.
The expression level of periostin in scaffold-seeded PDLF was
transparently diminished by si-YAP transfection (Figure 7B).
We subsequently converted CLSM images of periostin/YAP-
double-stained PDLF into 2.5D view (pseudo 3D) and further
analyzed the intensities of periostin (red color) and YAP (yellow
color). Similarly, m-ALFS and m-GPFS stimulated PDLF to
highly express the periostin-specific signal and its intensity
compared with that of m-ROFS or TCP (Figure 7C,D). In
contrast, PLDF grown on the nm-GPFS also showed periostin
signal and its mean intensity similar to the cells onm-ALFS orm-
GPFS. The si-YAP transfection significantly suppressed the
mean intensity (a.u.) of periostin in cultured PDLF regardless of
the topographies of scaffolds or TCP (Figure 7E). These results
strongly support that behaviors and morphological character-
istics of PDLF are tightly affected by the fiber topography of
scaffolds, as well as by the YAP-associated signaling.
3.8. Fabrication of FHGC and its Physicochemical

Characterization. To evaluate the potency of fibrous scaffolds
on PDL reparation, we constructed a 3D-structured FHGC by
conjugating each of the fibers with hydrogels. Figure 8A
illustrates the structures of the PCL membrane, BMP2, and SIS
gel along with the procedures to fabricate FHGC before
implantation into a rat model of PDL defect. Here, we designed
the integrated and patterned fiber/hydrogel biphasic scaffolds to
mimic the native PDL fiber, as well as to provide an anatomical
layer-by-layer structure of the periodontium. We found that
approximately 52% (w/w) and 10% (v/v) of PCL membrane
were contained in FHGC (data not shown). Figure 8B,C

Figure 8. Schematic illustrations to fabricate GC and FHGC and their SEM images. (A) Schematic illustrations showing the structure of materials and
the procedures to fabricate FHGCbefore implantation. SEM images representing (B) a broad space of cross-sectioned FHGC (bar = 100 μm) and (C)
the location of fibers and gels in FHGC.
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represents SEM images of FHGC, showing the location and
structure of fibrous scaffolds and gels. We characterized the
physicochemical properties of FHGC before implantation by
evaluating FTIR (Figure S9A). The crystalline structures of the
PCL membrane, SIS gel, BMP2 gel, and FHGC were also
investigated by XRD (Figure S9B).We evaluated the property of
the hydrogel complex (GC) by analyzing its compressive
property and compared it with that of FHGC linked with m-
ALFS (m-ALFS-GC), nm-GPFS (nm-GPFS-GC), m-GPFS (m-
GPFS-GC), or m-ROFS (m-ROFS-GC) (Figure S10A,B). We

also determined contact angles (Figure S10C) and weight loss
rates of FS, GC, and/or FHGC (Figure S10D).
3.9. Implantation with m-ALFS-GC or m-GPFS-GC

Repairs Defected PDL More Efficiently Than GC, nm-
GPFS-GC, or m-ROFS-GC. To evaluate the in vivo effect of
FHGC on PDL reparation, we generated a rat model of
periodontal defect and implanted the animals with GC or
FHGC (Figure S11). In this experiment, rats were divided into
seven groups; nonsurgical (control group), surgical operation
only (sham group), surgical operation and implantation with

Figure 9. Implantation with m-ALFS-GC or m-GPFS-GC almost completely restores the defected PDL. (A) H&E-stained images of the defected
periodontal region at 8 weeks post surgery. Yellow dotted arrows indicate the thickness of PDL, while white and yellow dotted circles show an unclear
boundary between the alveolar bone and tooth and a region unfilled with tissues, respectively. Bar = 50 μm. (B) The thickness (μm) of reformed PDL
(n = 5) and (C) the value of alveolar BV (mm3) in the periodontal defect (n = 4). (D) IHC showing the expression pattern of YAP in the reformed
PDL. Bar = 50 μm. (E) Expression level (fold increase) of YAP in the PDL (n = 4). (F) Relative intensity (RI) of OPN to that of YAP in the animal
groups (n = 4). Numbers of (G) round-shaped and (H) fiber-oriented/elongated cells (%/100 cells/sample) in the reformed PDL (n = 4). (I) TEM
images showing fiber morphology in the recovered PDL of the animal groups (bar = 0.5 μm). *p < 0.05, **p < 0.01, and ***p < 0.001 vs the control
group; #p < 0.05, ##p < 0.01, and ###p < 0.001 vs the sham group; & p < 0.05 vs the GC group by unpaired Student’s t-test.
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GC alone (GC group), or GC linked with each of four different
scaffolds (FHGC groups). At 8 weeks post surgery, PDL
samples including the defective region were removed and
processed for H&E staining, μCT analysis, immunofluorescence
staining, and IHC. The results from H&E staining revealed a
noncritical creation of the PDL defect, in that PDL reparation
was found even in the sham group (Figure 9A). While the GC
and m-ROFS-GC groups exhibited an unclear boundary
between the alveolar bone and PDL (white dotted circles) or
a large region unfilled with tissues (yellow dotted circles), the m-
ALFS-GC and m-GPFS-GC groups showed an almost complete
PDL reparation. When the thickness (μm) of PDL was
measured at two regions (yellow dotted arrows in Figure 9A),
GC, m-ALFS-GC, m-GPFS-GC, and m-ROFS-GC groups
showed levels similar to that in the control group (Figure 9B).
The m-ALFS-GC, m-GPFS-GC, and m-ROFS-GC groups
revealed a greater level of alveolar BV (mm3) compared with
the sham group, indicating a correlation between PDL
reparation and newly formed alveolar bone in the defects
(Figure 9C). The IHC result did not indicate a different YAP
expression between the control and the GC- or FHGC-
implanted groups, whereas all of the GC or FHGC groups
showed a higher YAP expression than the sham group (Figure
9D,E). Immunofluorescence assays also indicated higher
intensities specific to YAP and OPN in the FHGC-implanted
groups compared with those in the sham group (Figure S12).
The control and FHGC-implanted groups revealed approx-
imately 1.4-fold higher intensity of OPN compared to that of
YAP without any differences among the groups (Figure 9F).
Based on the magnified IHC images (Figure 9D, below panels),
the proportions of round-shaped and fiber-elongated PDL cells
(%) in the control group were similar to that in the m-ALFS-GC
and m-GPFS-GC groups (Figure 9G,H). In contrast, the sham,
GC, nm-GPFS-GC, and m-ROFS-GC groups showed a
relatively higher number of round-shaped cells in comparison
with those of fiber-oriented cells. As the PDL contains bundled
collagen fibers and fibrils with various micro- and nanodiameters
(Figures 2 and S5), we measured fiber diameters in the reformed
PDL by TEM. In the implantation with and without GC or
FHGC, TEM images exhibited a different fiber patterning in the
reformed PDL (Figure 9I). The m-ALFS-GC group revealed a
pattern of PDL fibers similar to the m-GPFS-GC group, and this
fibrous structure differed from that in the sham, GC, or nm-
GPFS-GC group. Both the m-ALFS-GC and m-GPFS-GC
groups, but not other groups, also exhibited fiber numbers and
diameters in the reformed PDL similar to those in the control
group (Figure S13). Interestingly, the reformed PDL in the GC
group showed that a greater number of fibers consisted of
diameters between 30 and 50 nm, while the m-ROFS-GC group
exhibited the presence of PDL fibers with relatively large
diameters (between 70 and 130 nm).

4. DISCUSSION
While fiber patterning is a crucial factor in producing as-spun
fibrous scaffolds, a classic or conventional electrospinning setup
often limited the desired fiber patterning. Some notable
characteristics of as-spun fibrous scaffolds can be induced by
altering the chemistry of the materials applied.27,28 The
induction of ultrafine architectures such as spiderweb-like
nanonets provides a versatile fiber platform for biomedical
applications of high performance.29,30 When a high voltage is
supplied to polymer solutions supplemented with complex ions,
solvents, drugs, and/or salts, the Taylor cone undergoes

stretching, whipping, and solvent evaporation, eventually
leading to nanonet fiber formation.31 However, these methods
not only limit the creation of nanonet fibers but also require
additional steps to remove toxic agents from the products.32 In
contrast, the developed as-spun setup, named all-in-one
electrospinning, is capable of producing desired and patterned
nanonet and/or microfiber scaffolds on a single mat without the
alteration of material chemistry and the use of any additives.
First of all, this study not only demonstrates the advantage of the
all-in-one electrospinning in manufacturing various types of as-
spun scaffolds on a desired single mat but also highlights the
optimized installations in inducing the nanonet fiber alignment
of high performance.
The PDL matrix is a highly organized structure with different

topographies depending on its location between the tooth and
alveolar bone and provides PDLF with an appropriate
microenvironment under compression or tensile force.5

PDLFs respond sensitively to mechanical stimuli via the
interaction with the fibrous matrix.26,33,34 Therefore, morphol-
ogy, behavior, and the function of PDLF are tightly affected by
their location within the PDL, as well as by the structure of
surrounding fibers such as Sharpey’s and oxytalan fibers.
Regarding the in vitro and in vivo results of m-ROFS, we
postulate that unlikely to patterned scaffolds, a randomly
oriented fiber structure does not exert the potentials derived
from PDL-mimic fibrous scaffolds. It is important to note that
the structure of PDL fibers is sensitively altered in response to a
mechanical force (Figure S14A), in which the cross-links in
collagen fibers and microfibrils are disrupted or condensed
depending on compressive or tensile force application (Figure
S14B). When a human tooth was exposed to compressive force
on a punched TCP chamber (Figure S15B), some of the PDL
collagen fibers showed a disrupted morphology (Figure S15B).
More exactly, the PDL fibers exhibited an altered cross-linking
and morphology of fibers and fibrils following the compression
(Figure S15B). These results indicate that the application of
compressive force may induce PDL with an abnormal and
randomly oriented structure, like the morphology of m-ROFS.
We previously found that dissimilar to tensile force, PDLF
cultures under a compressive mechanical force preferably
stimulated osteoclastic activation rather than osteogenic differ-
entiation.35 Our previous report also supported the roles of
PDLF to facilitate alveolar bone absorption via the skewed
expression of osteoclastogenic factors when the tooth is applied
to compressive force.36 These reports may explain why m-ROFS
alone stimulated RANKL expression in cultured PDLF and
enhanced the formation of multinucleated cells in the combined
cultures with BMM. We also assume that the abnormal fibrous
structure and cellular morphology in the reformed PDL of the
m-ROFS-GC group are associated with fibrous morphology that
occurs in a compression-applied PDL.
In addition to a collagenous matrix, PDL also contains various

types of cells together with a few PDLSCs. The PDLFs are the
most abundant PDL cells and secrete various surface markers
that are expressed in undifferentiated cells.14,37,38 Among the
surface markers, CD105 is an MSC-derived PDLF-specific
marker that is mainly expressed at early passage and gradually
disappeared in relation to the passages.39,40 Similarly, our results
indicate that a stem-like proliferation of PDLF along with a high
expression of CD105 is diminished following the passage and
incubation times without the alteration of fibroblastic
morphological characteristics. Our results suggest that PDLFs
express the CD105 more highly than BMMSC during
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incubation at the same passage, and the patterned scaffolds
maintain the potential of PDLF to express CD105 more than
randomly oriented fiber. PDLFs also respond sensitively to
compressive or tensile force and modulate alveolar bone
remodeling via a balanced production of RANKL and its
antagonist, osteoprotegerin.36,41,42 In this regard, our results
corroborate the potential of PDLF to proliferate and differ-
entiate into mineralized or multinucleated osteoclastic cells
depending on the culture conditions, although the osteogenic
capacity of PDLF is not directly regulated by the fiber
topographies of scaffolds.
Behaviors of PDLFs are sensitively affected by the structure of

fibers that are attached to these cells. This means that fiber
topography is the key effector in regulating mechanosignal-
associated behaviors of PDLFs. Vinculin is a cytoskeletal protein
enriched in adherent junctions and focal adhesions.43 OPN and
COLI are mechanosensitive proteins expressed highly in PDLF
depending on the mechanical stress applied.44,45 Specifically,
YAP, a master transcriptional factor, regulates the expression of
these mechanosensitive molecules.46−49 Studies have demon-
strated that YAP-associated signaling controls cellular prolifer-
ation, differentiation, and mechanosensing in relation to the
topography and stiffness of fibers and mechanical force
applied.50,51 We also found previously that the expression of
YAP and its cellular localization are the crucial factors to regulate
cell behavior.23,48,52 Similarly, our current findings indicate that
as-spun scaffolds affect the behavior of PDLF differently in
relation to their topographical cues, and these are tightly
regulated by YAP and YAP-associated signaling.
The nuclear translocation of YAP is triggered by force via a

regulation of transport across nuclear pores.48 Cellular traction
force together with the intensity and nuclear shuttling of YAP in
cultured PDLF tended to be the important events to regulate
behaviors. FAs regulate cell migration and comprise the linkage
between integrin receptors and actions.53 FAs are also the
important sites of cell−matrix interaction. Periostin is essential
for the function and integrity of PDL during mechanical loading,
and its expression in PDLF is regulated by FA kinase.54,55 These
reports indicate that in addition to YAP, FA formation and
periostin expression are essential factors in regulating the
behaviors of PDLF in relation to the fiber topographies of
scaffolds. In addition, our current findings strongly support that
the formation and number of FAs and the expression pattern of
periostin in PDLF are tightly regulated by YAP-associated
signaling.
Alternatively, our findings indicated that the expression ratio

of OPN in scaffold-seeded PDLF is approximately 1.8-fold
higher than that of YAP, while BMMSCs show a similar ratio
between these molecules. Even though it is not clear whyOPN is
expressed relatively higher in PDLF compared with YAP, there
are some interesting reports. While YAP is the master regulator
in controlling various cellular events, it also acts as a direct
regulator and/or transcriptional coactivator in mediating
cellular signaling in response to mechanical stimuli, fiber
topographical cues, ECM rigidity, and cellular reprogram-
ming.46,47 More importantly, YAP is the key regulator in
regulating proliferation, differentiation, and the migration of
MSCs.56,57 This indicates that YAP sensitively regulates cellular
events even in a small quantity. Alternatively, OPN is initially
reported to be expressed in osteoblasts, but numerous reports
demonstrate its expression in PDLF, and it has important roles
in tooth root development, proper formation and mineralization
of dentin and alveolar bone, maintenance of dental pulp and

PDL, and mechanoresponsive signaling.45,58,59 In the perio-
dontium, OPN also acts as a negative regulator of acellular
hypermineralization, and this is associated with the phosphory-
lated level in the protein.60 All of these reports postulate that
OPN is an abundant protein in the periodontium and is
expressed highly in response to the topographical cue of PDL
fiber-representing scaffolds.
The water contact angle is an important factor in the

transformation of a hydrophobic scaffold into a tunable
hydrophilic scaffold, and this is affected by topography and
the scale of fibers.61,62 Here, we found a different contact angle
among the as-spun scaffolds and FHGC along with the contact
images corresponding to each of the scaffolds in a horizontal
direction. Dissimilar to fibrous scaffolds, the ranges of contact
angles in FHGC were between 50 and 80° indicating a water
absorbency level within the range of ideal contact angles for the
scaffolds that are applied in drug delivery and artificial tissues.63

The m-ALFS-GC, nm-GPFS-GC, m-GPFS-GC, and m-ROFS-
GC had water contact angles of 57.3, 58.4, 76.0, and 72.3°,
respectively. These results indicate that the wetting transition
energy barrier of the as-spun scaffolds is not a direct effector to
regulate the behavior of PDLF, even though fiber topography-
influenced wettability is known to affect protein adsorption and
cell behavior.64,65 Our results also suggest that the mechanical
strength of FHGC in wet conditions is similar to that of in vivo
conditions, in which any prominent differences among FHGC
are not induced. Collectively, these physicochemical assays
indicate that FHGC is a well-designed fiber−hydrogel complex
and does not differ significantly in wettability and mechanical
strength.
On the other hand, this study demonstrates that PDL

regeneration is partially correlated with the formation of alveolar
bone, where implantation with m-ALFS-GC, m-GPFS-GC, or
m-ROFS-GC expresses greater effects than with nm-GPFS-GC
or GC. Our results indicate that dissimilar to in vitro behaviors
of PDLF, YAP expression and expression ratio of OPN to that of
YAP are not directly associated with the repair or the
morphological phenotypes of cells in the reformed PDL. Our
findings also indicate that implantation with m-ALFS-GC or m-
GPFS-GC, rather than GC, repairs the defected PDL more
efficiently, and cells have a morphology that is common to native
PDL. Namely, compared with nm-GPFS-GC, m-ROFS-GC, or
GC, implantation with m-ALFS-GC or m-GPFS-GC may
induce PDL fiber formation and patterning that has a greater
similarity to that of native PDL.Moreover, our results imply that
in addition to YAP-associated mechanosignaling, other
molecules can be contributed to the gel complex-enhanced
regeneration of PDL. However, it is important to note that the
as-spun scaffolds, especially m-ALFS and m-GPFS, do not
replace completely the anatomical properties of the native PDL
matrix. The chemistry of native fibrous matrix might be also
entirely different from that of as-spun scaffolds. Further
experiments to fabricate collagenous scaffolds and 3D matrix
gels that mimic native PDL matrix in chemistry, diameter, and
orientation of fibers, as well as occupy PDL cells within the
matrix, will be necessary. Additional experiments to verify
whether the reformed PDL in the m-ALFS-GC and m-GPFS-
GC groups functions at the periodontal interface in response to a
mechanical stimulation will also be required for their application
in dental clinics.
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5. CONCLUSIONS
Here, we developed an optimized all-in-one electrospinning
setup with PDL-like fibrous scaffolds expressing Sharpey’s fiber,
oxytalan fiber, or both structures manufactured successfully on a
single mat. This electrospinning method enabled controlled
PDL fiber architectures with submicron resolution that depends
on themechanical force application through nanonet patterning.
Compared with BMMSC, PDLF behaviors were tightly and
specifically regulated in relation to the fiber topographical cues
of the scaffolds. The fiber surface-dependent behaviors of PDLF
were correlated with the expression of periodontal remodeling
marker and mechanosensing molecules, in which YAP acted as
the master regulator. Dissimilar to the aligned or grid/patterned
microscale scaffold, disrupted PDL fibers occurred in the
morphology of the patterned nanonets and randomly oriented
fibrous scaffold and induced a skewed osteoclastic activation and
an abnormal PDL reparation. Our findings supported a
relationship between the potential of scaffolds to regulate
PDLF behaviors and to regenerate defective PDL. Overall, this
study demonstrated that m-ALFS and m-GPFS along with their
hydrogel complexes are guided biomimetic and biocompatible
scaffolds that can tightly regulate PDLF behaviors and
regenerate damaged PDL effectively.
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