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ARTICLE INFO ABSTRACT

Keywords: Periodontitis is a chronic inflammatory condition that often causes serious damage to tooth-supporting tissues.

Periodontitis - The limited successful outcomes of clinically available approaches underscore the need for therapeutics that

I;I;lt electrowriting cannot only provide structural guidance to cells but can also modulate the local immune response. Here, three-
printing

Inflammation
Periodontal regeneration

dimensional melt electrowritten (i.e., poly(e-caprolactone)) scaffolds with tissue-specific attributes were engi-
neered to guide differentiation of human-derived periodontal ligament stem cells (hPDLSCs) and mediate

Scaffold macrophage polarization. The investigated tissue-specific scaffold attributes comprised fiber morphology
(aligned vs. random) and highly-ordered architectures with distinct strand spacings (small 250 pm and large 500
pm). Macrophages exhibited an elongated morphology in aligned and highly-ordered scaffolds, while main-
taining their round-shape on randomly-oriented fibrous scaffolds. Expressions of periostin and IL-10 were more
pronounced on the aligned and highly-ordered scaffolds. While hPDLSCs on the scaffolds with 500 pm strand
spacing show higher expression of osteogenic marker (Runx2) over 21 days, cells on randomly-oriented fibrous
scaffolds showed upregulation of M1 markers. In an orthotopic mandibular fenestration defect model, findings
revealed that the tissue-specific scaffolds (i.e., aligned fibers for periodontal ligament and highly-ordered 500 pm
strand spacing fluorinated calcium phosphate [F/CaP]-coated fibers for bone) could enhance the mimicking of

regeneration of natural periodontal tissues.

1. Introduction periodontitis causes severe destruction of the periodontal attachment
apparatus (i.e., the alveolar bone, periodontal ligament [PDL], and

Periodontitis is a highly prevalent chronic inflammatory, bacteria- cementum), ultimately leading to tooth loss [1,2]. A vast body of
triggered oral pathology affecting 47% of adults with 30 years of age knowledge reveals that there are no effective approaches for reliably
and older. From a therapeutic standpoint, if not properly treated, regenerating periodontal defects with severe bone loss, and thus
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avoiding tooth extraction [3]. Specifically, contemporary approaches to
treat periodontitis involve thorough subgingival scaling and root
planing, open flap surgery, and guided tissue regeneration by means of a
degradable membrane that, while serving as a barrier against soft tissue
infiltration, allows resident progenitor cells to promote the regeneration
of periodontal tissues [2]. Collectively, despite the evidence that some
level of periodontal regeneration (e.g., new alveolar bone, cementum,
and PDL) may occur following the aforementioned therapeutics [4], the
ability to mimic native periodontal tissues may be impractical in many
clinical situations, due to the multi-tissue complexity and
three-dimensional (3D) nature of periodontal defects [3].

It is well-established that periodontal regeneration requires simul-
taneous management of both soft (PDL) and hard tissue interfaces [3].
Importantly, the acquisition of well-oriented PDL fibers with alveolar
bone regeneration is paramount [3,5]. It has been postulated that, in
vivo, effective tissue integration can be enabled through the fabrication
of tissue-specific scaffold layouts to recreate the relationship between
structure and function - the key to engineering the natural hard-to-soft
tissue interface [6]. From this perspective, additive manufacturing
(AM), a rapidly evolving field that uses a layer-by-layer deposition
process to develop structurally tailored scaffolds, has been implemented
in regenerative dental medicine [3,7,8]. The pivotal data in periodontics
using Selective Laser Sintering (SLS), a successful AM technique,
disappointingly showed its inability to obtain structures with a degra-
dation profile matching that of bone and PDL neoformation [9]. The
bulky nature of SLS and fused deposition modeling (FDM) scaffolds and
the fact that soft and hard periodontal tissues regenerate at distinct
rates, emphasize the need for scaffolds with well-defined tissue-specific
attributes [3,7,8]. Indeed, previous attempts to encourage the regener-
ation of periodontal tissues through multiphasic/biphasic scaffolds to
address the multi-tissue nature of the periodontium have been reported
[10-13]. However, the challenges of multi-tissue regeneration, require a
number of requirements to consider tissue-specific characteristics such
as differences in volume, architecture, cell type, and structural proper-
ties to recapitulate the regeneration of its soft-to-hard tissue interfaces
[3,7,8].

Melt ElectroWriting (MEW) has been introduced as an alternative
AM process that enables the production of fibrous scaffolds with well-
defined macro- and microstructural features, such as porosity (ie.,
strand spacing), and fiber alignment and diameter [14]. This control
over structural features offers great promise to match tissue-specific
characteristics [3,15] supporting the spatiotemporal events that could
ultimately allow concomitant regeneration of soft (PDL) and hard
(cementum and alveolar bone) periodontal tissues. Up until now,
FDA-approved polymers that are inherently hydrophobic and do not
promote tissue regeneration, such as poly(e-caprolactone) (PCL), remain
the most widely used for MEW. Coating strategies, for instance, with
bioceramics, have been used to improve the osteogenic capacity of PCL
scaffolds [16,17]. Noteworthy, although fluorinated calcium phosphate
(F/CaP)-coated MEW polymeric fibrous scaffolds enable substantial
alveolar bone regeneration while supporting PDL neoformation [15],
recent literature states that monophasic scaffolding strategies are
limited in their ability to recreate the angular structure of PDL at the
bone-ligament interface [18,19]. These recent results further highlight
the need for personalized (i.e., defect- and tissue-specific) solutions that
can guide the coordinated growth and development of the periodontal
attachment apparatus.

In recent years, scaffold-mediated strategies that provide 3D tem-
plates and biomimetic extracellular matrix (ECM) microenvironments
while concurrently guiding body’s immune responses have been sug-
gested for tissue engineering applications [20]. The innate immune
response plays an important role after implantation of biomaterials to
mitigate the pro-inflammatory reaction and allows macrophage polari-
zation [21]. Pro-inflammatory M1 macrophage conversion to
anti-inflammatory macrophage (M2) phenotype is critical in the overall
inflammatory response at the site of biomaterial implantation [20].

269

Bioactive Materials 19 (2023) 268-281

Thus, biomaterial-mediating scaffolds are equivalent, if not a possible
alternative, for presently used soluble biomolecules in directing the
response of progenitor cells to promote tissue healing and, ultimately,
regeneration [20,22]. Given the fact that biomaterials can effectively be
used to guide complex tissue regeneration and/or modulate the in-
flammatory response after periodontal tissue destruction; we hypothe-
size that a scaffold with dual functions that support coordinated growth
of alveolar bone and PDL through well-defined macroarchitecture (i.e.,
strand spacing), composition (F/CaP coating), and microstructural fea-
tures (fiber alignment) and, at the same time, modulates the immune
response to amplify in situ tissue regeneration can be fabricated.

To test our hypothesis, in this investigation, we utilized MEW to
engineer uniquely tailored fibrous scaffolds at defined fiber orientations
(randomly-oriented or aligned scaffolds) and strand spacings (i.e., a
crosshatch pattern of fibers with strand spacings of 500 pm and 250 pm;
hereafter referred to as highly-ordered scaffolds). The effects of fiber
orientation and strand spacing on human-derived periodontal ligament
stem cells’ (hPDLSCs) attachment/proliferation, and differentiation
were examined in vitro to define the most favorable PDL-specific region
in a zonal, tissue-specific scaffold for periodontal reconstruction.
Collectively, we explored a versatile and innovative platform (i.e., MEW)
that could ultimately lead to the development of zonal smart biomaterial
scaffolds capable of directing tissue-specific (aligned fibers for PDL and
highly-ordered 500 pm strand spacing fluorinated calcium phosphate
[F/CaP]-coated fibers for alveolar bone) stem cell differentiation and
macrophage polarization as a potential personalized therapy for effec-
tive periodontal tissue regeneration.

2. Materials and methods
2.1. Chemicals and materials

Poly(e-caprolactone) (PCL, Mn: 5000, CELLINK, Gothenburg, Swe-
den) was used. All other reagents were procured from Sigma-Aldrich (St.
Louis, MO, USA), unless otherwise specified: sodium hydroxide (NaOH,
> 98%), potassium fluoride (KF > 99.90%), ethanol (99.50%), ethyl-
enediaminetetraacetic acid calcium disodium salt (EDTA-Ca), potassium
phosphate (KH3PO4 > 99%), hexamethyldisilazane (HMDS >99%),
ascorbic acid-2 phosphate, hexadecylpyridinium chloride monohydrate
(CPCQ), and paraformaldehyde (PFA). Distilled-deionized (DI) water was
prepared using a Milli-Q® ultrapure water system (MilliporeSigma,
Burlington, MA, USA) and utilized in all experiments. Phosphate-
buffered saline (PBS) was obtained from GIBCO-Invitrogen (Carlsbad,
CA, USA). Heat-inactivated fetal bovine serum (15% FBS) solution, a 1%
penicillin-streptomycin solution, and alfa-minimum essential medium
(a-MEM), were bought from HyClone (Gibco/Life Technologies Corp.,
Grand Island, NY, USA). Collagen type I PhotoCol® (Lot#8292) was
purchased from Advanced BioMatrix (San Diego, CA, USA).

2.2. Melt electrowriting (MEW) and scaffold designs

Poly(e-caprolactone) MEW scaffolds were fabricated in a biosafety
cabinet using a multi-head 3D (bio)printing platform (3DDiscovery,
regenHU Ltd., Villaz-St-Pierre, Switzerland). Briefly, polymer pellets
were loaded into the metal cartridge overlaid with a 26G nozzle, then
heated at 90 °C for 30 min to form a homogeneous polymer melt, and
subsequently dispensed at 0.07 MPa system’s pressure [16]. Scaffolds
with aligned fiber orientation and 0/90°crosshatch designs were printed
at parameters of 40 mm/s feed rate and 7 kV applied voltage.
Randomly-oriented fibers were printed at 0.1 MPa system’s pressure, 40
mm/s feed rate, and 10 kV voltage. The 0/90°crosshatch laydown
pattern has 500 pm strand spacing or 250 pm strand spacing. Of note, the
referred aligned fibrous scaffolds have a major strand at 0° of 250 pm
spacing and densely packed aligned fibers designed with 100 pm strands
spacing at 90°. All scaffolds were produced at 4 mm distance from the
collector, at room temperature (RT) ~21.5 °C and 38.5% humidity level.
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The tissue-specific (zonal) scaffolds utilized in the in vivo model were
designed to form a construct encompassing 800 layers for the bone zone
and 200 layers for the PDL zone. All scaffold designs and respective G-
codes were generated using BioCAD and accompanying bioprinter
software. As formerly established, in order to improve hydrophilicity of
the PCL, the scaffolds were treated with NaOH [23]. First, the scaffolds
were soaked in 70% ethanol for 15 min, and then they were submerged
in a 5 M NaOH solution at RT for 4 h [15]. To neutralize the pH, the
scaffolds were rinsed thoroughly with DI water and left to air-dry
overnight. To enhance the bioactivity of the PCL fibers of the bone
compartment, they were modified with a fluorinated calcium phosphate
(F/CaP) coating following our previously reported protocol [15].
Finally, the scaffolds were sterilized using 70% ethanol and
UV-irradiated (30 min/side) for all experiments [15].

2.3. Morphological and chemical analyses

The structural characterization of the scaffolds (0/90°crosshatch
with 500 pm or 250 pm strand spacings, aligned, and randomly-oriented
fibrous scaffolds) were assessed using a scanning electron microscope
(SEM, MIRA3, FEG-SEM, TESCAN Brno, Kohoutovice, Czech Republic).
For chemical analysis, Fourier transformed infrared spectroscopy (16
scans with spectra between 4000 and 600 cm™! at 4 cm ™! resolution) in
the Attenuated Total Reflectance mode (ATR-FTIR, Thermo-Nicolet iS-
50, Thermo Fisher Scientific Inc., Waltham MA, USA) was performed.
FTIR spectra were baseline-corrected and normalized for analysis.

2.4. Cell culture

Human periodontal ligament (hPDL) tissues were harvested from the
middle segment of the tooth root surface as previously reported [24].
Briefly, freshly obtained tissues were cultured on alpha-minimum
essential medium (a-MEM), then the PDL cells were collected, centri-
fuged, and resuspended at 37 °C for 60 min in solution containing PBS, 2
mg/mL collagenase type II, and 4 mg/mL dispase II. The mixture was
inactivated using o-MEM containing FBS and 100 pM ascorbic acid 2
phosphate. The cells were allowed to grow in T25 flasks and passaged
for further experiments (passage specified below).

2.5. Flow cytometry

In order to assess the presence and expression of mesenchymal stem
cell (MSC) surface markers, flow cytometry (MA900 Cell Sorter, Sony
Biotechnology Inc., San Jose, CA, USA) was performed following the
criteria recommended by the Mesenchymal and Tissue Stem Cell Com-
mittee of the International Society of Cellular Therapy (ISCT): CD45,
CD90, CD105, CD34 [24,25]. Human-derived periodontal ligament stem
cells (hPDLSCs) were harvested from T75 flasks, washed with PBS, and
incubated with blocking solution, followed by incubation with specific
antibodies conjugated with a fluorochrome, PE anti-human CD90 anti-
body, FITC anti-human CD34 antibody, APC anti-human CD105, and
APC-H7 anti-human CD44 antibody. Then, samples were washed and
placed in 100 pL PBS followed by analysis. The collected data were
analyzed using FlowJo software (FlowJo, Treestar Inc., Ashland, OR,
USA).

2.6. Cell proliferation

Human-derived PDLSCs at passage 5 were harvested and seeded on
scaffolds (8 x 8 mm?) at a density of 6 x 10* in 24-well low-attachment
plates (Corning Life Sciences, Tewksbury, MA, USA) and cultured in
a-MEM supplemented with 15% FBS and 1% penicillin-streptomycin
solution. The plates were incubated in an atmosphere of 95% relative
humidity and 5% CO3 at 37 °C. To determine hPDLSCs proliferation, the
3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethonyphenol)-2-(4-sulfo-
phenyl)-2H-tetrazolium (MTS) calorimetric assay (CellTiter 96 AQueous
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One Solution Assay, Promega Corporation, Madison, WI, USA) was
performed at selected time points over 7 days. At predetermined time
points, the cells were incubated for 2 h with the MTS solution according
to the manufacturer’s instructions, followed by measuring the absor-
bance in a microplate reader at 490 nm (SpectraMax iD3; Molecular
Devices LLC, San Jose, CA, USA).

2.7. Macrophage polarization

RAW 264.7 cells (TIB-71, American Type Culture Collection, Man-
assas, VA, USA) at passage 4, were used. The cells were harvested using a
cells’ scraper and seeded on square-shaped (8 x 8 mm?) scaffolds at a
density of 6 x 10* cells/scaffold in 24-well low-attachment plates
(Corning Life Sciences) and cultured in DMEM high-glucose medium
supplemented with 10% FBS, in an atmosphere of 5% CO, and 95%
humidity at 37 °C, followed by qPCR and ELISA as detailed below.

2.8. Cell/scaffold interaction

Confluent hPDLSCs and RAW 264.7 cells at passage 5 were harvested
and cultured on the four distinct scaffolds (500 pm or 250 pm strand
spacings, aligned, and randomly-oriented fibrous scaffolds). Briefly, 6 x
10* cells/scaffold were seeded and cultured for 3 and 7 days. For SEM
assessment, 4% PFA for 48 h at 4 °C was used to fix the cells. Then, the
scaffolds were subjected to ascending ethanol concentrations (up to
100%) for dehydration, followed by overnight incubation in HMDS.
Lastly, the cell-laden scaffolds were mounted on Al stubs using double-
sided adhesive carbon tape, and then sputter-coated with Au for 70 s
(SPI-Module Carbon/Sputter Coater, Thermo Fisher Scientific Inc., West
Chester, PA, USA) prior to imaging. For fluorescence evaluation,
hPDLSCs were fixed in 4% PFA as mentioned above, and then washed (3
x ) in PBS. The cells were then treated with 0.1% Triton X-100 for 5
min. After rinsing with PBS (2 x ), the cell-laden scaffolds were blocked
using 1.5% bovine serum albumin (BSA) in PBS for 30 min, followed by
staining with TRITC-conjugated phalloidin and DAPI (1:1200, Millipore
Sigma) for 1 h at RT. Finally, the cell-laden scaffolds were carefully
rinsed (3 x ) in PBS to wash out any excess of phalloidin conjugate and
positioned on a glass slide for imaging (Eclipse-Ti, Nikon Corporation,
Tokyo, Japan).

2.9. mRNA expressions using gPCR

The expression of commonly probed ligamentogenic (Periostin —
POSTN, Hs01566750_m1, Scleraxis — SCX, Hs03054634_gl, and
Collagen III — Col3, Hs00943809_m1), and osteogenic (Runt-related
transcription factor 2 — Runx2, Hs01047973_m1) genes were analyzed
by means of quantitative polymerase chain reaction (qPCR). Glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH, Hs02758991 gl) was
utilized as the housekeeping gene. For macrophage polarization, M1
markers, IL-1 receptor ligands (IL1, Mm00434228), M2 markers IL-10
receptor ligands (IL-10, 1110 Mm01288386 M1), and mannose recep-
tor CD206 (MRC1, Mm01288386) were analyzed at days 1, 3, and 7. In
brief, the cells were harvested, and the total RNA was isolated (Purelink
RNA Mini Kit, Invitrogen Corporation), followed by c¢cDNA synthesis
using iScript RT Supermix (Bio-Rad Laboratories, Inc., Hercules, CA,
USA). Finally, the delta-Cq method was applied to measure the relative
amount of gene expression from the quantification cycle (Cq) values
retrieved by qPCR analysis. qQPCR results were normalized to the refer-
ence sample.

2.10. Cytokine quantification via mouse quantikine ELISA kit

IL1B, IL-6, and IL-10 cytokine release levels of LPS-stimulated mac-
rophages cultured on the various scaffolds were evaluated using the
Mouse Quantikine ELISA Kit (R&D Systems, Inc., Minneapolis, MN,
USA), following the manufacturer’s protocol. The cytokines level was
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Fig. 1. Melt electrowriting (MEW) setup to fabricate
fibrous scaffolds of distinct fiber configuration and
highly-ordered architectures. Representative SEM
images of the various MEW PCL scaffolds show melt
electrowritten polymeric (ie., poly(e-caprolactone)
scaffolds with tissue-specific attributes such as fiber
morphology (random vs. aligned) and highly-ordered
(0°/90° crosshatch pattern) architecture with distinct
strand spacings (small 250 pm and large 500 pm).
Overall, the as-produced scaffolds display fiber di-
ameters (in pm) ranging from 2.3 + 0.1, 2.5 + 0.2,
2.6 £ 0.3 and 4.2 + 0.7 and porosity of 52.9%,
91.7%, 85.5 and 30.9% in aligned, large and small
strand spacing to randomly-deposited fibers,
respectively.

measured using the supernatants extracted at days 1, 3, and 7. The
absorbance was measured on a plate reader (SpectraMax iD3) at 450 nm
and corrected with the reference wavelength at 570 nm.

2.11. Periodontal fenestration defect model in rats

All experiments with rats (Fischer 344, Envigo RMS, Inc., Oxford, MI,
USA) were conducted in accordance and approved by the University of
Michigan Institutional Animal Care and Use Committee
(PRO#00008502). Twenty-four 6-week-old male rats (300-320 g) were
used in this study. For surgical procedures, general anesthesia was
induced with 4-5% isoflurane inhalation (Piramal Critical Care Inc.,
Bethlehem, PA, USA) and preserved at a concentration between 1 and
3%. Subsequently, periodontal fenestration defects were created surgi-
cally at 2 x 3 mm (height x width) and 1 mm in depth in the rat
mandible. In detail, alveolar bone, followed by cementum and soft tissue
components around the tooth root, were removed. The distinct scaffolds
(n = 6/group/time point) were assigned according to the following
groups: (1) Sham - no treatment, (2) Collagen, (3) Tissue-specific zonal
scaffolds with bone and PDL zone, and (4) Tissue-specific zonal scaffolds

271

infused with collagen. For preparation of the tissue-specific MEW PCL
scaffolds infused with collagen, a collagen type I solution (3 mg/mL) was
dissolved in acetic acid. Subsequently, the solution was neutralized
using a neutralization agent provided in the kit (Advanced BioMatrix).
Then, the collagen infused scaffolds were allowed to gellate at 37 °C for
30 min inside the incubator. All scaffolds were implanted in the
artificially-created defects and periodontal tissue regeneration evalu-
ated after 3 and 6 weeks of healing. At the predetermined time points
post-implantation, the mandibles were retrieved and fixed in formalin
prior to micro-computed tomography (microCT), histological, and
immunological analyses.

2.12. Micro-computed tomography and histological analyses

Regenerated alveolar bone at each periodontal defect was evaluated
using a Scanco microCT scanner (SCANCO Medical pCT 100, SCANCO
Medical AG, Briittisellen, Switzerland), following a 360° rotation scan at
70kV, 114 pA monochromatic x-rays and 25 pm voxel sizes. The frames’
exposure time was kept at 500 ms on average. To reconstruct the 3D
images of the defect area, SCANCO Medical System software was used.
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Briefly, the reconstructed 3D image was utilized to outline the original
defect area (hereafter referred to as the region of interest, ROI). For each
sample, ROI was analyzed to quantify the following parameters: bone
volume (BV, mm3), bone fill (BF%, BV/TV), and tissue mineral density
(TMD, mgHA/cm3). Following microCT scans, the mandibles of each
group were decalcified in 10% EDTA for 3 weeks. Upon decalcification,
the samples were dehydrated in an ascending series of alcohol and then
embedded in paraffin before cutting into 4-um sections for Masson’s
trichrome (MT) staining. The slides were then imaged using a light
microscope equipped with a digital camera (Nikon E800, Nikon Cor-
poration) to determine mineralized bone formation.

2.13. Immunofluorescence analysis

Sections (4 pm-thick) were dewaxed at 60 °C for 15 min, then
rehydrated in ethanol gradients. Of note, to reduce endogenous perox-
idase activity, the sections were stored in 3% H303 for 20 min at RT. For
blocking unspecific binding, the slides were immersed in 3% BSA for 10
min at RT, followed by incubation with primary antibodies: anti-peri-
ostin (rabbit polyclonal, ab14041, Abcam, Cambridge, MA, USA)
(dilution 1:500) overnight at 4 °C. The slides were then incubated with
Alexa-conjugated secondary antibodies: Alexa Flour goat anti-rabbit IgG
(H + L) (dilution 1:200) for 1 h at RT. Then, a drop of vectashield
antifade mounting media with DAPI was added to the slide to visualize
the cell nuclei. The untreated lingual side of the distal root of the same
tooth was used as control for visualization of native PDL tissues for
comparison purposes. The negative controls section was incubated in
PBS instead of the primary antibody. The images were obtained at 4 x
and 20 x for anti-periostin (Nikon E800, Nikon Corporation).

2.14. Moving toward clinical translation — accuracy of MEW
personalized scaffolds

To design personalized (i.e., defect-specific) scaffolds, a standardized
periodontal fenestration defect as described earlier was scanned using
microCT (SCANCO Medical pCT 100, SCANCO Medical AG, Briittisellen,

- *
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Switzerland), with the aforementioned scanning parameters. The CAD
design to obtain personalized scaffolds was achieved using SolidWorks
software from the CT scan images. Upon assessment of the scaffold ge-
ometry, BioCAM™ software was used to define the scaffold internal
architecture and subsequently translate the design into a G-Code.
Designed scaffolds were fabricated using the previously detailed MEW
platform (3DDiscovery, RegenHU) with the optimized printing param-
eters. Next, the printing accuracy (n = 3) of the personalized scaffolds
was quantified as reported previously [26]:

D)

Printing accuracy = Ve
cs

Where Vp and Vcs represent the circumference of the personalized
scaffold and CAD designed scaffolds, respectively. The circumferences of
the two geometries were measured with Meshlab (v. 2016). The printing
accuracy is defined from O to 1, which 1 shows the highest printing
accuracy of the scaffolds.

2.15. Statistics

GraphPad Prism 5 software package (GraphPad Software, San Diego,
CA, USA) was used to carry out statistical analyses of the data. Unless
otherwise specified, data are presented as Mean + SD. Group compari-
sons were performed using one-way or two-way ANOVA, followed by
Tukey’s multiple comparison post-hoc test. A two-sided 5% statistical
significance level was employed in all tests.

3. Results and discussion
3.1. Processing and characterization of MEW PCL scaffolds

MEW was successfully employed in manufacturing 3D fibrous scaf-
folds with distinct designs, namely highly-ordered (i.e., crosshatch 0/
90°) with 250 pm (small) and 500 pm strand spacing (large), as well as
with highly-oriented (aligned) and non-oriented (random) fiber con-
figurations (Fig. 1). Obtained scaffolds were highly porous and

Fig. 2. Attachment and proliferation of hPDLSCs on
MEW PCL scaffolds with aligned and randomly ori-
ented fiber configurations, and 250 pm and 500 pm
strand spacings. (A) Cell viability of hPDLSCs seeded
on the scaffolds using AlamarBlue assay over 7 days.
(B) Representative SEM images of hPDLSCs prolifer-
ation on the scaffolds after 3 and 7 days. Note the
characteristic cell stretch along the fibrous walls (All
SEM images have the same scale bar). A more pro-
nounced spreading was detected along the scaffolds
with randomly oriented fibers (white arrows indicate
the direction of filopodia protrusion). (Mean =+ SD, n
= 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 3. Patterns of hPDLSCs alignment on the various MEW PCL scaffolds. (A) Representative CLSM images show a variable pattern of cells’ bridging, following the
fibers’ arrangements at day 3 and 7. DAPI (blue) and phalloidin (red) fluorescent staining (scale bar = 50 pm). (B) Histograms of PDLSCs nucleus angulation on
scaffolds with aligned and randomly oriented fiber configurations as well as crosshatch 0/90° arrangement and 250 pm and 500 pm strand spacings corresponding to

confocal images.

presented a smooth fiber morphology. Despite the traditional MEW
fabrication process usually produces organized scaffold architectures,
arbitrary deposition of PCL fibers over the collecting plate by simply
adjusting the interplay between voltage and mass flow rates (i.e., 10 kV
and 0.1 MPa pressure), resulted in non-oriented, random fibrous scaf-
folds. These random scaffolds displayed an overall porosity of 30.9%
comparable to those observed in conventional solution electrospinning
[27]. On the other hand, by decreasing the strands spacing down to 100
pm, the remaining electrical charges within fibers started to create
repelling forces [28]. The repelling forces were advantageous to prevent
fiber stacking, and thus the as-formed scaffolds exhibited aligned fibers
supported by the main strands at 0°, which was critical in maintaining
the 3D structural characteristic of the scaffolds. Meanwhile,
highly-ordered scaffold architectures displaying small (250 pm) and
large (500 pm) strand spacings were created with homogeneous inter-
connected porosity by carefully optimizing key instrument parameters
(i.e., electric voltage, pressure, feed rate, and adequate strand spacing).
Overall, the as-produced polymeric scaffolds display fiber diameters
ranging from 2.3 + 0.1 pm to 4.2 & 0.7 pm and porosity from 30.9% to
91.7% (Fig. 1).

3.2. hPDLSCs alignment and differentiation depends on fiber orientation
and scaffold architecture

Specific alignments of fibrous tissues at tissue interfaces have vital
roles in optimizing biomechanical and biophysical responses [19]. For
example, angulated PDLs that anchor the teeth inside the alveolar bone

play a key function in the absorption and the distribution of mastica-
tory/occlusal forces. Therefore, a tissue-specific guiding scaffold to
encourage the simultaneous regeneration of tooth-ligament-bone in-
terfaces via MEW fabrication of structurally and compositionally
tailored zonal scaffolds (i.e., highly-oriented (aligned) fibers for the PDL
zone and a highly-ordered (500 pm strand spacing), nanostructured
fluorinated CaP-coated porous scaffold for the bone zone) is explored in
this investigation.

In order to define the stemness of the hPDLSCs utilized throughout
this investigation, the expression of specific MSC surface markers CD90,
CD105, and CD44 was evaluated [24]. Following proper isolation and
expansion of hPDLSCs, high levels of CD90 (>99.70%), CD105
(>99.96%), and CD 44 (>99.70) were observed (Fig. S1). As expected,
our human-derived PDLSCs fail to express the hematopoietic stem cell
marker CD34. Previously, it was reported that hPDLSCs are very suitable
for the regeneration of the periodontal complex as these cells could
differentiate into the osteogenic, fibrogenic, and cementogenic linage
[29,30]. The fate of PDLSCs is determined by the local microenviron-
ment, e.g., the presence of biologically active molecules, such as growth
factors can direct osteogenic or fibroblastic linage [31]. Equally
important, in a biomaterial-based approach, the scaffold architecture
and stiffness further steer hPDLSCs’ differentiation and maturation [32,
33]. Notably, in our study, hPDLSCs responded to the distinct scaffold
architectures and fiber configuration in terms of their proliferation and
differentiation capacity (Fig. 2). While hPDLSCs seeded on non-oriented
(random) and highly-oriented (aligned) fibers show a higher prolifera-
tion rate compared to MEW PCL scaffolds with variable strand spacings
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Fig. 4. Ligamentogenic and osteogenic differentiation of hPDLSCs seeded on the various MEW PCL scaffolds. The mRNA levels at days 3, 7, and 14 of selected
ligamentogenic genes (i.e., periostin, Scleraxis, and Col3) were significantly higher in scaffolds with aligned fibers, whereas an osteogenic marker (Runx2) was
significantly higher in crosshatch 0/90° scaffolds with 250 pm and 500 pm strand spacing. (Mean + SD, n = 4). *p < 0.05, **p < 0.01.

(Fig. 2A), small strand spacing show a significantly higher proliferation
rate compared to large throughout the evaluated in vitro culture period
(Fig. 2A). These results are in agreement with previously observed
proliferation pattern in MEW PCL scaffolds with strand spacings ranging
from 500 pm to 1000 pm [15]. This fact is due to the higher surface area
and reduced strand spacing (pore size) that, in turn, enhances initial cell
attachment.

The direct changes in the morphology of the hPDLSCs related to the
contact guidance induced by the various MEW PCL scaffolds are evident
through both SEM (Fig. 2B) and fluorescence (phalloidin staining) im-
aging (Fig. 3). The highly-oriented (aligned) scaffolds with parallelly
deposited fibers allow hPDLSCs to align parallel to the direction of fi-
bers’ long axes (Fig. 2B), while in random and highly-ordered scaffolds
(ie., small and large strand spacings), hPDLSCs exhibit a polygonal
shape, extended cytoskeleton in multiple directions, and disorganized
orientation. Interestingly, at day 3, cells start to spread at the corner of
individual strands in the highly-ordered patterns of both small and large
strand spacings, while at day 7, a more extended cell behavior to fill in
between strands is better seen in small strand spacing compared to the
larger one (Fig. 3A). Though, in scaffolds with randomly-oriented fibers
the nuclei exhibited multi directional angulation dictated by underlying
fibers (Fig. 3B), the effect of aligned fibers on the morphology of the
hPDLSCs is more dramatic due to contact guidance, which supports an
elongated cytoskeleton pattern and nuclei alignment along fiber axes
(Fig. 3B). Consequently, the hPDLSCs adopted a typical spindle-shape
morphology when cultured on aligned fibers, a characteristic, previ-
ously observed for human fibroblasts [34].

To evaluate the differentiation potential of hPDLSCs on the engi-
neered scaffolds, the expression of genes specifically coding for liga-
mentogenesis (periostin [POSTN], Scleraxis [SXC], and Collagen III
[COL3]) and osteogenesis (Runt-related transcription factor 2 [RUNX2]
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were evaluated in the absence of differentiation factors (Fig. 4).
hPDLSCs cultured on the aforementioned scaffolds exhibited different
mRNA expression profiles of POSTN, SXC, COL3, and RUNX2. The
matricellular protein, POSTN, is highly detected in collagen-rich con-
nective tissues, and its expression reveals integrity and maturation of the
periodontal ligament matrix [35,36]. Fiber alignment and strand
spacing significantly changed the expression level of POSTN mRNA at
day 3, with higher expression in aligned compared to randomly-oriented
fibrous scaffolds. At day 7, POSTN expression was upregulated in all
scaffolds with a significant increase in the aligned group. In addition, the
level of SXC expression, a typical marker of tendogenesis/ligamento-
genesis [37], in aligned scaffolds was higher than in the randomly ori-
ented fibrous scaffolds and highly-ordered scaffolds with small and large
strand spacings at days 3 and 7 (P < 0.05).

While the expression of COL3 in aligned and small strand spacing
(250 pm) scaffolds was not significantly different, the expression for the
larger (500 pm) strand spacing was significantly lower than former
scaffolds with 250 pm strand spacing at day 3 (P < 0.01). At day 7, the
expression of COL3 increased in highly-ordered scaffolds (small and
large strand spacings) and reached comparable levels to the aligned
group. It is known that COL3 is the predominant constituent of tendon/
ligament-related extracellular matrix (ECM) and contributes to the for-
mation of collagen bundles which are responsible for PDL mechanical
properties [35].

Runt-related transcription factor 2 (RUNX2) is known to synchronize
osteoblast differentiation and is highly expressed in bone and peri-
odontal ligament [38]. Our findings showed that RUNX2 was generally
upregulated at day 3 in highly-ordered scaffolds with small (250 pm)
strand spacing and was significantly higher in the randomly-oriented
scaffolds. At day 7, RUNX2 expression was upregulated in
highly-ordered scaffolds with large strand spacing and downregulated in
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Fig. 5. Representative SEM images showing RAW
264.7 cells’ morphology of spontaneously differenti-
ated and LPS-stimulated macrophages. MEW scaffolds
with varying fiber orientation and architecture
(strand spacing), namely, random, aligned, and scaf-
folds of 250 pm and 500 pm strands spacing at 0°/
90°-oriented junctions. The images show mixed pat-
terns of macrophages spreading, the round shape
typical for M1 and more pronounced elongated
pattern typical for M2 phenotype.

Large Spacing

aligned scaffolds. Noteworthy, although at day 14, the pattern of RUNX2
expression tends to downregulate compared to day 7, it remained
significantly higher in small and large spacing scaffolds compared to
randomly-oriented and aligned scaffolds (P < 0.05). Collectively,

increased ligamentogenesis and partially downregulated osteogenesis of
hPDLSCs mediated by aligned fibers’ configuration were noted. While in
the absence of any differentiation factors, the upregulation of osteo-
genesis markers of hPDLSCs in small and large strand spacing scaffolds is
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Fig. 6. Cytokine release of LPS-stimulated macrophages on scaffolds with different fiber orientation and architecture (strand spacing). Released cytokines were
measured using supernatants extracted after culturing macrophages on different scaffolds, and they were compared to control TCP over 7 days. (Mean + SD, n = 3).

*p < 0.05; **p < 0.01, ***p < 0.001.
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likely mediated by altered cell shapes in response to distinct scaffolds
configuration, which ultimately alters the fate commitment of hPDLSCs.
This is in agreement with previous work where MSCs commitment was
dependent upon changes in cell shape, cytoskeletal tension, and RhoA
signaling in response to mechanical cues [39]. Specifically, aligned
fibrous substrates show the ability to promote differentiation of cells
into tendons/ligaments [40], whereas non-aligned fiber configuration
permits cells to exhibit a more spread out morphology and direct oste-
ogenic fate [17]. Taken together, according to our in vitro results, MEW
PCL scaffolds with aligned fibers lead to the expression of ligamento-
genic markers, which are essential for proper matrix formation and
maturation of PDL in vivo [18].

3.3. Macrophage elongation and polarization depends on fiber orientation
and scaffold architecture

To investigate the immunomodulatory effect via controlling scaffold
architecture (strand spacing) and fiber configuration (aligned vs.
random), RAW 264.7 cells (macrophages) were seeded on the defined
scaffolds (Fig. 1). E. coli lipopolysaccharide (LPS), a well-known inducer
of the expression of inflammatory markers, was added to culture media,
and changes in the expression of macrophage phenotypical markers
were determined by qPCR and ELISA. RAW 264.7 cells cultured on
randomly-oriented fibrous scaffolds were able to maintain a round
phenotype at day 1, while elongation of cells was more prominent when
macrophages were cultured on aligned scaffolds (Fig. 5). Meanwhile,
cell spreading and elongation remained comparable in non-stimulated
and LPS-stimulated RAW 264.7 cells on all tested scaffolds (Fig. 5).
Remarkably, even in an inflammation-stimulated milieu, fiber alignment
and strand spacing tend to influence macrophage elongation, which is
believed to promote changes in the expression of phenotypical markers
from M1 to M2 [41]. It is known that the dynamic shift in phenotypes
provided by the adjoining microenvironment, the so-called immuno-
modulatory approach reduces ongoing tissue damage and fosters alve-
olar bone regeneration [20,42]. As expected, cells cultured on scaffolds
at different fiber configurations and strands spacing in non-stimulated
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condition failed to express the inflammatory markers IL-1p and IL-6
and were found to express M2 marker IL-10.

LPS-stimulated macrophages showed stronger upregulation for IL-1,
in contrast, the expression of IL-6 was maintained at day 1 through day 7
despite continuous induction of LPS into the culture media. Meanwhile,
stronger upregulation of IL-10 was also detected at day 1, potentially as
an adaptive mechanism in LPS-stimulated macrophages in order to
downregulate the expression of TNF-q, IL-1, and IL-6, proinflammatory
cytokines [43-45]. At days 3 and 7, IL-10 continued to express at a
significantly higher level in aligned and highly-ordered scaffolds with
small and large strands spacing compared to control (tissue culture
plate, TCP) (P < 0.05). Scaffolds with randomly-oriented fibers were not
significantly different from the control (Fig. 6), in line with previous
observations of the release of pro-inflammatory cytokines from macro-
phage cultures on 2D flat surface of poly(L-lactic) (PLLA) film and
electrospun PLLA random scaffolds [46]. Taken together, our findings
support the hypothesis that cell elongation might promote macrophage
polarization and further release of M2 cytokines, although it maintains a
constant level of the inflammatory cytokines over 7 days due to
continuous induction of LPS into the culture medium.

Furthermore, the gene expression profiles in LPS-stimulated macro-
phages were evaluated over 7 days (Fig. 7). Overall, RAW 264.7 cells
cultured on aligned and highly-ordered scaffolds with small and large
strands spacing showed the upregulation of M2 Markers (IL-10 and
MRC-1) and downregulation of the M1 markers (IL-1p) compared to
randomly-oriented fibrous scaffolds and cells cultured on tissue culture
plate. While the expression of IL-1p at days 3 and 7 was not significant in
the groups tested, it was downregulated compared to the control. At day
7, the expression of MRC-1 was significantly downregulated in random
fibers compared to aligned and small strand spacing scaffold design. It is
believed that the M2 phenotype possesses distinct functionality from the
M1 to upregulate the factors involved in repair and regeneration via
stimulation of cell proliferation and deposition of ECM, as well as
angiogenic effect [47]. Altogether, our data suggest that aligned fiber
configuration and highly-ordered scaffold designs with small and large
strand spacings promote macrophage polarization toward M2
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defect, and implantation of tissue-specific scaffold in the defect region.

(pro-healing) phenotype.

3.4. Quantification of personalized scaffold printing accuracy

Advances in technology to combine image-based processing and 3D
printing have enabled high-fidelity manufacturing of personalized
scaffolds for anatomically-complex structures [9]. Nonetheless, most of
the existing additive manufacturing approaches which have been
employed to periodontal reconstruction present limitations of low res-
olution and bulky nature of the printed scaffolds [9]. Here, the fabri-
cation of a defect-specific scaffold was demonstrated using MEW and 3D
microCT imaging data of a standardized periodontal defect
(Figs. S2A-B). Although the external geometry of the MEW printed
scaffold tailored for the defect was determined to have an overall high
printing accuracy of 0.7 + 0.1 (Fig. S2C), the internal microstructural
features were less accurate due to the reduced size of the defect. These
results indicate the ability to deploy MEW in the challenging field of
regenerative periodontics for the fabrication of personalized scaffolds in
a clinical scale. However, further work is required to ensure high
printing accuracy of the internal microstructure. Based on these results,
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we fabricated scaffolds with internal tissue specific microstructure while
the external, defect-specific, scaffold macrostructure was trimmed to the
implantation site by the surgeon.

3.5. Invivo evaluation of tissue-specific scaffold guidance for periodontal
regeneration

To elucidate the importance of tissue-specific attributes, for instance
fiber morphology (microarchitecture), strand spacing (macro-
architecture), and chemical composition (F/CaP nanostructured
coating) in the generation of defect-specific (personalized) zonal scaf-
folds for periodontal regeneration, 3D MEW polymeric (PCL) scaffolds
were designed and fabricated via MEW. Worth mentioning, concerning
the bone zone, we followed our group’s most recent investigation, in
which we detailed the fabrication of a novel nanostructured fluorinated
calcium phosphate (F/CaP) MEW PCL scaffold. Meanwhile, in the pre-
sent study, we aimed at identifying the most suitable scaffold architec-
ture and fiber configuration (PDL zone) to concomitantly support
periodontal ligament (PDL) regeneration. Of note, knowing that one of
the primary functions of scaffolds for periodontal regeneration is to
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hamper soft tissue penetration into the defect, we hypothesized that the
infusion of collagen within the macroporous structure of the tissue-
specific zonal scaffold could provide a temporary barrier to the fast in-
vasion of gingival epithelium and fibroblasts, and thus, optimize the
regenerative capacity of the developed scaffold.

The fabricated tissue-specific scaffolds exhibited distinct fibers’
orientation (Fig. 8A). In particular, SEM analysis demonstrates aligned
fibers for the designed PDL zone at ~200 pm height resembling those of
native PDL space and a highly-ordered (0/90° crosshatch) and porous
(500 pm strand spacing) for the bone zone at ~800 pm height. As
formerly highlighted, the bone zone of the tissue-specific scaffold was
subjected to our previously developed F/CaP coating. Furthermore, SEM
analysis of collagen-infused scaffolds shows uniform collagen infiltra-
tion into the porous MEW PCL zonal scaffolds. Collagen type I, upon
dissolving in acetic acid, exhibits a low viscosity that turns upon
neutralization and temperature control to exhibit self-assembly and
hydrogen bond to form a gel. The presence of specific chemical groups
coding for F/CaP-coated PCL scaffold, collagen, and collagen-infused
scaffolds was used to determine successful integration of F/CaP-coated
scaffolds with collagen (Fig. 8B). The FTIR spectra of the F/CaP-

coated scaffolds confirmed vibrational bands from PCL at 2943 cm™ %,

2866 cm ™}, and 1700 cm ™!, which is consistent with previous findings
[15]. Additionally, the collagen-infused zonal scaffold showed vibra-
tional bands at 1650 cm ™', 1540 cm ™!, and 3310 cm ™! attributed to the
infused collagen [15]. Together, the SEM and FTIR analyses suggest
effective fabrication of collagen-infused scaffolds without altering the
composition of the base materials used.

The potential of the engineered fibrous scaffolds to support neotissue
deposition was evaluated using a well-established periodontal fenes-
tration defect model in rat mandible (Fig. 8C). According to our histo-
logical and immunohistochemical findings, the compositional (i.e., F/
CaP coating) and structural organization (fiber alignment) of the fabri-
cated zonal scaffolds resulted in concurrent regeneration of alveolar
bone and PDL (Fig. 9). The microCT analysis revealed substantial dif-
ferences in bone formation at defect sites among the investigated scaf-
fold groups. The control group showed partial tissue healing even after 6
weeks and was comparable to the collagen-treated group. While the
tissue-specific zonal scaffolds (with and without collagen infiltration)
showed pronounced bone healing, the collagen-infused counterpart
demonstrated a more advanced formation of mineralized tissue at both
time points (3 and 6 weeks) (Fig. 9A). Pertinent to periodontal tissue
regeneration, abundant formation of new bone (BV and BF) with proper
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Fig. 10. Masson’s trichrome staining of periodontal defects treated with the distinct scaffolds and evaluated after 6 weeks post-scaffolds implantation. Represen-
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compartment and coated (F/CaP) fibers (bone compartment) and tissue specific scaffold infused with collagen at 6-weeks post-implantation. Yellow dashed line
highlights the area of scaffold placement and new bone formation. White arrowhead for PDL, NB: new bone; R: Root surface; St: Soft tissue.

PDL space was observed and was statistically significant in the tissue-
specific scaffolds compared to sham (no treatment, defect only) and
collagen groups (Fig. 9B). Tissue mineral density (TMD) demonstrating
maturity of bone showed a significant difference (p < 0.001) between
tissue-specific scaffolds infused with collagen versus the other groups at
3 weeks. Although at 6 weeks no differences in TMD between groups
were detected. The enhanced bone formation can be attributed to the
500 pm strand spacing, which was sufficient to support mineralized
tissue formation due to improved vascularization and further, due to the
presence of the F/CaP coating that stimulates mineralized tissue depo-
sition [15]. In agreement with Abbasi et al., a pore size of 500 pm
resulted in the highest formation of new bone compared to a smaller
(250 pm) pore size [48].

Histological evaluation of the newly-formed periodontal tissues
revealed a substantial influence of the proposed tissue-specific zonal
scaffold (ie., aligned/F-CaP coated scaffold) in the regenerative ca-
pacity (Fig. 10) and (Fig. S3). In detail, while the control group showed
soft tissue invasion because of epithelial tissue down growth; collagen
alone failed to promote the regeneration of both hard and soft peri-
odontal tissues. Remarkably, our tissue-specific zonal scaffold provides
guidance for tissue formation and the amount of new bone formation
was higher in aligned/F-CaP coated scaffolds compared to sham (con-
trol) and collagen groups. Interestingly, both tissue-specific zonal scaf-
folds (with and without collagen infusion) maintained PDL space that
resembles those of natural periodontal tissue (Fig. 10). Worth
mentioning, our in vivo investigation was limited to 6 weeks, and we did
not try to evaluate the mechanical properties of the regenerated peri-
odontal ligament tissue. A previous work by Pilipchuck et al., 2018,
highlighted that even after 9 weeks of scaffold implantation, the newly
formed PDL did not reach a statistically significant difference in stiffness
when compared to native tissue properties [18]. Nevertheless, although
we did not evaluate the biomechanical properties of the regenerated
tissues to further emphasize the influence of the scaffold’s well-defined

macroarchitecture (i.e., strand spacing), composition (F/CaP coating),
and microstructural features (fiber alignment), the collected in vivo data
(histological and immunohistochemical) were sufficient to show the
efficacy of the tissue-specific scaffold to form and regenerate the
periodontium. Importantly, our prior work on the development of the
nanostructured F/CaP-coated MEW PCL scaffolds [15] reports on the
effects of our novel coating on the scaffolds’ mechanical properties.
Overall, F/CaP-coated MEW PCL scaffolds show enhanced tensile
strength and Young’s modulus compared to their noncoated (NaOH
etched) and pristine counterparts. Future studies are warranted to
address not only the biomechanics of the regenerated tissues but also the
scaffold performance and overall integrity under cyclic (masticatory)
loading.

It is well-established that the integration of polarized anchoring fi-
bers oriented toward a mineralizing surface promotes adequate matu-
ration and exhibits important biomechanical properties to regulate
tissue adaptability and its long-term stability [49]. Herein, while
monophasic (i.e., single zone/bone) F/CaP-coated MEW PCL scaffolds
might allow tissue regeneration, as we previously reported [15], recent
research suggests that forming the angular structure of PDL at the
bone-ligament interface would be nearly impossible, and the result will
not be true regeneration of the lost structures. Aiming to unveil the
regenerative capacity of novel MEW tissue-specific zonal scaffolds, our
immunohistochemical findings show that the newly formed PDL tissue
displayed mature structures for the groups with tissue-specific (aligned
fiber configuration for PDL and F/CaP-coated 500 pm strand spacing for
bone) attributes (Fig. S4), regardless of the collagen presence. Impor-
tantly, periostin (POSTN) expression has been paired with PDL matu-
ration to establish homeostasis within periodontal tissues [18]. At 6
weeks, the defects treated with the tissue-specific zonal scaffolds showed
higher POSTN expression similar to the contralateral (untouched)
remaining intact PDL area of the same tooth (Fig. S4). Of note, analysis
of Sharpey’s fibers varied according to positions, fiber groups, sides, and
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teeth, with a significant difference between bone and cementum side
[50]. Interestingly, despite the amount of bone regeneration being
higher in the collagen-infused tissue-specific scaffolds due to improved
vascularization as noted previously [15], lower expression of POSTN is
evident compared to collagen-free tissue-specific scaffolds. These in vivo
findings are likely attributed to the physical enveloping of the aligned
fibers, thus precluding the guidance effect for optimizing PDL tissue
neoformation as demonstrated in defects treated with the tissue-specific
scaffold devoid of collagen that was sufficient to reestablish mature PDL
(Fig. S4).

4. Conclusions

In summary, our findings provide evidence of morphological and
functional changes in response to scaffold architecture (strand spacing),
fiber configuration, and composition (F/CaP coating). Specifically,
aligned fibers strongly support ligamentogenesis whereas highly-
ordered scaffold architecture with strands spacing of 500 pm supports
osteogenesis, which has not been reported within the context of peri-
odontal tissue engineering. Moreover, fiber orientation and strands
spacing were found to directly correlate to the morphological elongation
of macrophages and differentiation toward the pro-healing M2 pheno-
type. The in vivo findings confirmed that a structurally tailored scaffold
with a PDL zone formed by highly-oriented (aligned) MEW PCL fibers
and a bone zone consisted of F/CaP-coated MEW PCL fibers displaying
500 pm strand spacing allowed for coordinated periodontal tissue
regeneration in a well-established (ie., surgically removes alveolar
bone, cementum and soft tissue components around the tooth root) ro-
dent mandibular fenestration defect model. Altogether, our findings
demonstrate that MEW could ultimately lead to the development of
zonal biomaterial-mediating scaffolds capable of directing tissue-
specific stem cell differentiation and macrophage polarization. This
approach could be used as a personalized therapy for effective tissue
regeneration in inflammatory-driven diseases such as periodontitis.
Future studies to evaluate the effect of macrophage polarization in
response to tissue-specific zonal scaffolds and the effects on periodontal
tissue regeneration under inflammatory in vivo conditions are war-
ranted. In addition, we are considering future work to be conducted in
large animals (e.g., canine or porcine) models, to validate the role of the
tissue-specific scaffolds engineered in this study using a clinically rele-
vant model.
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