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Abstract

A surgical procedure for the repair of damaged periodontal tissue is Guided
Tissue Regeneration (GTR), which involves the use of a barrier membrane to
prevent soft tissue ingrowth and create a space for slow regeneration of per-
iodontium and bone. GTR membrane should have pores able to facilitate the
diffusion of fluids, oxygen, nutrients, and bioactive substances for cell growth,
but also be impermeable to epithelial cells or gingival fibroblasts, which could
overpopulate the defect space and inhibit infiltration and activity of bone-
forming cells. In this paper, a bilayer PLGA membrane was realized by cou-
pling the dip coating and electrospinning techniques. The rough layer of the
double-sided structure was electrospun on the previously prepared smooth
dip-coated membrane. A rotating drum collector at two rotating speeds was
used to generate different fibers orientation. The bilayer membrane with differ-
ent superimposed surfaces was successfully fabricated and characterized from
a morphological, physicochemical, and the mechanical point of view. Per-
formed analyses revealed that the membrane possesses suitable properties,
especially from mechanical point of view, for its possible use as a scaffold for
the GTR of periodontum. A high fiber alignment and improved mechanical
properties with respect to available GTR membranes characterized the product
resulting from this study.
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1 | INTRODUCTION

The untreated periodontal disease such as chronic peri-
odontitis can provoke loss of gingival tissue, connective
tissue, alveolar bone, and periodontal ligaments and con-
sequently the destruction of periodontium, and eventu-
ally tooth loss.!"! If the defect due to periodontal loss is
left empty, epithelial cells and fibroblasts fill it,
preventing the attachment of bone and periodontal liga-
ment cells and so the regeneration of true periodontal tis-
sues. Therefore, in the past few decades, the regenerative
medicine and specifically, the guided tissue/bone regen-
eration (GTR/GBR) emerged as an alternative strategy to
replace lost periodontal tissues.”’ GTR consists of the
placement of a barrier membrane between the gingival
epithelium and the underlying periodontal bone,*!
preventing the migration of epithelial cells or gingival
fibroblasts into the defect site and promoting the growth
of progenitor bone and periodontal ligament cells, which
present a slower growth than fibroblasts.*!

Ideally, a membrane for periodontal GTR should be bio-
compatible and biodegradable with non-toxic degradation
products to avoid a second surgery for removal. Moreover, it
should have cell occlusiveness, high-interconnected porosity
to allow nutrients, and signaling factors diffusion, together
with wastes elimination, during healing, and it should be at
the same time impermeable to epithelial cells and cell-
proliferative for bone cells. Furthermore, the membrane
should have space maintenance ability, proper mechanical
strength, and adequate clinical manageability. 151

Membranes with such features were successfully
developed (Table 1) both with biodegradable (collagen,
chitosan, PLA, polyglycolic acid (PGA), and poly(lactic-
co-glycolic acid) (PLGA)) and non-biodegradable (poly-
tetrafluoroethylene [PTFE]) polymers and in some cases
also with metals (titanium)./®”! Recently, the use of bio-
degradable materials is the mainstream in GTR therapy
because they allow avoiding a second surgery to remove
the remaining membranes.!®!

One way to produce GTR membranes is by the
electrospinning technique, which is well suited for the pro-
duction of fibrous membranes in the nano range. The pos-
sibility to fabricate fibers with different orientations and
size allows the electrospun scaffolds to better mimic the
topology of the native extracellular matrix and to promote
cell attachment and proliferation.[g] Nanofibrous mem-
branes are particularly advantageous in GTR for their high
surface area, porosity,'” controllable degradation rate,
and excellent mechanical properties'!) and because they
allow fluids and nutrients to exchange through the mem-
brane while maintaining cell occlusive porosity.

In the last years, the use of functionally graded scaf-
folds to fabricate biomimetic GTR membranes has

TABLE 1 Summary of the most used materials and techniques
for GTR-intended membrane production

Materials Techniques

Chitosan and hydroxyapatite Freeze gelation (3),
(3,13) electrospinning (13)

Polylactic acid (PLA), (6, 14) Electrospinning (6),
Polycaprolactone (PCL) (6) Multilayer electrospinning
14
Poly (lactic-co-glycolic acid Freeze Drying (12, 19),
(PLGA) (12, 19, 21) Electrospinning (21)

Titanium mesh (7)

emerged.[u] Using this approach, the chemical, physical
and mechanical properties of each different layer can be
customized to have a specific function very much similar
to the natural human tissues."">'®! In addition, the multi-
phasic scaffolds could allow directly the regeneration
pathway, thanks to the spatial and temporal release of
multiple signaling molecules that could be precisely
engineered to target tissue regeneration.[”]

In this study, a membrane intended to be used for per-
iodontium GTR was produced using PLGA, a biodegradable
polymer largely used in tissue engineering because of its
excellent biocompatibility, biodegradability, and mechanical
strength.[lsl Interestingly, PLGA nanofibers were found to
be able to improve osteoblast attachment rather than PLGA
bulk materials, the reason why are commonly used for den-
tal application.[16] Based on these findings, a new bilayer
membrane made with two superimposed PLGA layers was
produced through the combination of two different tech-
niques (dip-coating and electrospinning) in order to obtain
two surface topographies to selectively promote or inhibit
cell proliferation and migration."*! Dip-coating technique
was used to deposit a first smooth PLGA layer, on top of
which a second rough PLGA layer was deposited by
electrospinning. As regards the second layer, two rotating
drum collector speeds were tested to generate different
fibers orientation. The smooth-rough double-faced structure
was manufactured to be placed with the rough surface fac-
ing the bony defect to promote the proliferation and direc-
tion migration of bone cells, while the smooth surface can
be placed in contact with the gingival epithelium to prevent
cell adhesion. As reported by Ribeiro et al.,'”! smooth sur-
faces are able to inhibit fibroblast growth, as consequence,
the smooth layer produced by the dip-coating technique in
our membrane should prevent cell adhesion to its flat and
not porous structure. On contrary, the rough surface pro-
duced by electrospinning should improve the periodontium
regeneration thanks to its nanofibrous structure that
mimics native ECM, allowing cell adhesion and prolifera-
tion and facilitating the diffusion of fluids, oxygen, and
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nutrients through its interconnected pores."®! In this paper,
to the best of our knowledge for the first time, it was investi-
gated and reported the potential of the electrospinning
method upon the dip-coating method to fabricate PLGA
bilayer membrane, tailored to the needs of different tissues
to improve wound healing/tissue regeneration in oral and
maxillofacial surgery. In addition, two fiber alignment of
electrospun mats were fabricated and investigated. The
physiochemical characteristics of dip coated, the
electrospun and bilayer membranes were evaluated. The
mechanical properties of bilayer membrane were also stud-
ied, focusing on the change in mechanical properties when
testing membrane with different fibers alignments.

2 | MATERIALS AND METHODS

2.1 | Materials and reagents
PLGA (Resomer RG 504, Boehringer, Germany) with a
ratio of 50:50 and an intrinsic viscosity of 0.55 dL g~ ' in
CHCIl; and molecular weight of 38,000-54,000 Da was
used. N,N-dimethylformamide (DMF, > 99,8%,) and dic-
hloromethane (DCM >99,6%), selected as solvents, and
phosphate buffer saline tablets (PBS) were purchased
from Sigma-Aldrich (Milan, Italy). All the other used
materials and reagents, of analytical grade, were pur-
chased from the same company unless otherwise stated.
All aqueous solutions were prepared with deionized
and ultrapure water (18.2 MQ/cm, obtained by a Milli-
Q® Direct Water Purification System, Merckmillipore,
Darmstadt, Germany).

2.2 | Bilayer membrane fabrication
Polymer solutions for both dip-coating and electrospinning
techniques were prepared using PLGA dissolved (20% wt)
in a mixture (70/30) of Dichloromethane (DCM) and
N,N-dimethylformamide (DMF) under magnetic stirring
overnight at a room temperature to obtain homogeneous
solutions.

The smooth layer of the PLGA bilayer membrane was
realized by the dip-coating technique.l’”! A glass sub-
strate was cleaned with water and ethanol, dipped in the
PLGA solution for 1 min and then withdrawn at a speed
of 50 mm/s. The wet glass was air dried in a chemical
hood for 3 days to allow slow solvents evaporation. Then
PLGA film was peeled off from the glass substrate and
mounted onto the drum rotating mandrel (120 mm
x 30 mm) for the subsequent deposition of the PLGA
rough layer by the electrospinning technique. Thus, the
PLGA solution was electrospun on top of the dip-coating-
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FIGURE 1

Electrospinning setup

produced film (dip-coated film) using a 21 G needle, a
feed rate of 6 ml/h, a tip to collector distance of 10 cm,
and an applied voltage of 12 kV (Figure 1). Two rotating
speeds were used (100 and 2000 rpm) to generate differ-
ent fibers orientation (100 rpm bilayer membrane and
2000 rpm bilayer membrane). For comparison with the
bilayer membranes, also a single layer of electrospun
mats was analyzed (100 rpm ES mat and 2000 rpm ES
mat). The target rotation was maintained for 2 h after
spinning to allow a homogeneous DCM evaporation and
limit crack formation in the electrospun products.*°! All
PLGA bilayer membranes and electrospun mats were
then peeled off from the collector and fully characterized.

2.3 | Morphological analyses

The morphology of electrospun mats, bilayer membranes
and the dip-coated film were observed by scanning elec-
tron microscopy (SEM) using an EVO® 40 (Carl Zeiss,
Jena, Germany). Dried samples were coated with a 7 nm
gold layer by sputtering at room temperature and exam-
ined in a variable pressure mode and with an accelerating
voltage of 20 kV. Images obtained from SEM were scaled
using a commercial image analysis program (Imagel]
1.50c. software, National Institute of Health, USA) in
order to measure average electrospun fibers diameters
and size distribution (200 measurements for each
acquired sample). To evaluate relative fibers alignment in
the electrospun mats at different rotation speeds, Fast
Fourier Transformation (FFT) analysis was assessed
using Image]J 1.50c (NIH, USA) software.!*!

2.4 | Material water interaction

The wettability of dip-coated film, 100 and 2000 rpm
electrospun mats and 100 and 2000 rpm bilayer
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membranes was evaluated by measuring the static con-
tact angle (WCA) through the sessile drop method
(FTA1000 equipment, Portsmouth, VA, USA), placing a
milli-Q water drop (10 pl) on the sample surface. In par-
ticular, for the bilayer membranes, the measurements
were carried out on both sides of the membrane, that is,
on the rough side (electrospun) and on the opposite
smooth side (dip coated). At least 4 readings were per-
formed for each specimen and results were expressed as
mean value + SD.

The water uptake ability of dip-coated film,
electrospun mats, and bilayer membranes was investigated
to assess their water adsorption capacity. The samples
were cut in 30 x 10 mm rectangular shape and weighed
(Wy) before immersion in PBS (10 mM, pH 7.4) at room
temperature for 30 min, 1, 2, 5 and 24 h. After incubation,
test specimens were taken out of PBS, extensively rinsed
with pure water, blotted on filter paper to remove excess
water and weighed again (W,,). The water uptake of sam-
ples (six samples for each group) was calculated as follows:

(Ww*Wd)
d

Water uptake (%) = x 100, (1)

where W; and W,, were specimen weights before and
after immersion in PBS. Six samples for each group have
been analyzed and results were expressed as mean
value + SD.

2.5 | Mechanical properties

The mechanical properties of electrospun mats and
bilayer membranes were evaluated by uniaxial tensile
testing and suture pull-out using a ZwickiLine universal
testing machine (Zwick/Roell, Ulm, Germany) equipped
with a 100 N load cell and a glass vessel filled with PBS
solution to perform the test in wet condition, simulating
a biological environment (Figure 5B). For both tests, scaf-
folds were cut into rectangles (30 x 10 mm), and soaked
for 2 hs in PBS 10 mM at room temperature.

For the tensile test, each specimen (n = 6) was
clamped 5 mm across both ends of the long side and
tested following the direction along the length of the fila-
ments with a cross-head speed of 0.1 mm/s and a preload
of 0.1 N. Young's modulus (E) was calculated as the slope
of the linear elastic region of the stress-strain curve at
low strain values (in the range 1%-2%). Elongation at
break (ep) and tensile strength (o,.x) Were also evaluated.
The results were expressed as average value + SD and
GraphPad Prism software (v. 8.4.2) was employed to per-
form statistical analysis, using one-way ANOVA analysis
(p value:¥<0.05, *¥<0.0001).

The suture pull-out test was performed to determine
the tear strength of the membranes. A single suture
was made at a distance of 5 mm from the top edge and
5 mm from each side. The suture was done with a mono-
filament of absorbable PLGA (Polyglactin 910, VICRYL
JV500) using a PS3-3/8 needle and a 5-0 gauge. The
suture was left unknotted, but it was fixed to the upper
claw of the mechanical test frame. Suture pullout testing
(n = 6) of wet specimens was carried out with a 100 N
load cell and an extension rate of 1 mm/min. The maxi-
mum load was recorded in Newton (N) and normalized
to membrane thickness.!"® The results were expressed as
average value + SD.

3 | RESULT AND DISCUSSION

3.1 | Surface morphology of bilayer
PLGA membrane

Since the aim of this study was the fabrication of a
bilayer PLGA membrane intended for periodontium
GTR, the confirmation of the realization of the rough
PLGA electrospun layer was crucial. The concentration
of PLGA solution, the solvent mixture ratio, and the
electrospinning process parameters like voltage, flux, and
distance between tip and collector were optimized, in
order to allow producing defect-free nanofibrous matrices
(Figure 2).

To obtain mats with random and aligned fibers orien-
tation, two rotating collector speeds were used: 100 rpm
for random orientation and 2000 rpm for aligned fibers.
SEM images showed that fibers of the mat produced at
100 rpm rotation speed (Figure 2A) do not present a pref-
erential direction of orientation, in comparison with mat
produced at 2000 rpm speed rotation (Figure 2B) where
an apparently high degree of orientation was detectable.
The mean fiber diameters were 1300 and 900 nm with a
SD of 400 and 300 nm for randomly orientated (100 rpm)
and highly orientated (2000 rpm) fibers, respectively.
Additionally, the increasing speed leads also to an
increase in the number of fibers with size distribution in
the range between 600 and 800 nm.

The FFT analysis of aligned and random fibers
gave a clearer representation of the fiber alignment
(Figure 2C-F). Random mats (100 rpm ES mats) showed
a uniform distribution of fibers in all directions while
aligned mats (2000 rpm ES mats) were confirmed to con-
tain fibers with a predominant direction. 2D FFT analysis
for aligned mats showed two sharp peaks of alignment at
a distance of around 180° with the alignment peak value
of 0.13 that indicated a higher unidirectional alignment
of fibers compared to random fibers.
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FIGURE 2 SEM micrograph of electrospun mats produced at 100 rpm (A) and 2000 rpm (B) (scale bar: 10 pm); fibers size distribution

and average diameters (C, D); 2D FFT analysis (peaks of alignment at 90° and 270°) (E, F)

The smooth layer with a thickness of about 20 pm
fabricated by means of the dip-coating technique and
simulating the smooth side of the GTR membrane, was
found to be completely flat with the absence of any
porosity (data not shown), making so this membrane
hypothetically impermeable to epithelial cells.

As a final step, a bilayer membrane was produced
coupling dip-coating and electrospinning layers: PLGA
solution was electrospun (with 100 and 2000 rpm rotating
speeds) to generate random and aligned fibers orientation
on the top of the previously produced PLGA film. It can
be hypothesized that while the smooth layer is not adhe-
sive to cells, the rough one should allow diffusion of
fluids, oxygen, and nutrients and, thanks to its similarity
to native ECM, should permit cell adhesion and prolifera-
tion. The so-obtained bilayer membranes have a thick-
ness of about 100 pm and present a “coin-like” double
face, the first one smooth (dip-coated layer) and the other
one rough (electrospun layer) with topographies
completely equal to those shown in Figure 2.

3.2 | Wettability analysis and water
absorption ability

The hydrophilicity is one of the most important surface
characteristics of biomedical materials since the scaffold
chemical composition and topography influence protein
absorption, cell adhesion, and proliferation.[zz] Hence,
both dip-coated and electrospun films (dip-coated film,
100 rpm ES mats and 2000 rpm ES mats), together with

both sides of the whole membrane, (100 rpm and
2000 rpm bilayer membranes), were tested in order to
determine their WCA. As shown in Figure 3A, the WCAs
of both 100 and 2000 rpm electrospun mats, together
with those of the rough surface present onto the bilayer
membranes, were about 120° suggesting the hydrophobic
behavior of these surfaces. On the contrary, the dip-
coated film and the smooth surface of the bilayer matri-
ces showed a WCA of about 75°. Those differences could
be dependent on the surface morphological aspects
(micro/nano-structure), as well as chemical ones
(exposed functional groups). From a morphological point
of view, while an ideal flat surface follows Young's
model, rough surfaces with micrometric/nanometric fea-
tures show very different behaviors, as described by the
Wenzel and Cassie regimes or even by intermediate
regimes.!**! Indeed, in a rough surface such as one of the
electrospun samples (electrospun mats and rough layer
of the bilayer membranes) the surface in contact with the
water droplet can be very different from the projected
contact area, thus strongly influencing the interfacial ten-
sion between the droplet and the sample and conse-
quently influencing the resulting contact angle.

Since the dip-coated surfaces dip-coated film) have a
WCA < 90°, from the Wenzel model the rougher surfaces
resulting from the electrospun fibrous structures
(ES mats and the rough side of the bilayer membranes)
should have a further lower WCA. On the contrary, an
increment of the WCA value was observed in the rough
surfaces, in accordance with the Cassie regime, happen-
ing when air pockets are trapped under the liquid
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FIGURE 3 Histogram of contact angle measurement (A);

water uptake tests recorded in 24 h (B)

droplet.** Indeed, it is plausible that some air pockets
are trapped under the water droplet when it comes in
contact with the highly rough fibrous structure of the
electrospun samples, thus giving rise to an increase in
the contact angle.

Another important aspect of such membranes is
their water absorption ability. Being the GTR mem-
branes used in wet conditions it results are relevant to
study the time in which these PLGA products are
completely swelled in water. As shown in Figure 3B,
although dip-coated film was less hydrophobic than the
other samples as revealed by the WCA results, its capac-
ity to absorb water is lower and remains unchanged
even after 24 h of incubation. On the contrary, despite
their higher hydrophobicity, the electrospun mats and
the bilayer membranes present a higher water uptake
than dip-coated film and attain equilibrium after 2 h.
The water uptake depends mainly on the hydrophilicity
of the material and the scaffold porosity. A porous mate-
rial can take up and store more water whereas its non-
porous counterpart can store only a limited amount of
water.[*”! Thus, electrospun mats and bilayer mem-
branes behavior can be due to the intrinsic higher

* %

600 ‘ v *k ‘
500 ‘ [
400 *
300 ‘
200
100

0

E (MPa)

100 rpm ES 2000 rpm ES 100 rpm 2000 rpm
Bilayer Bilayer
membrane  membrane

FIGURE 4  Stress-strain curves of 100 and 2000 rpm
electrospun mats and 100 and 2000 rpm bilayer membranes (A);
histogram of young modulus (B); (*p < 0.05; **p < 0.0001)

porosity of these samples, giving rise to a higher water
absorption at longer times. In other words, looking to
the previous WCA measurements, when the droplet
comes in touch with the surface of the electrospun mats
it presents initially a high contact angle due to air
trapped, but lately, water can permeate inside the pores
of the mat resulting in higher water uptake.

3.3 | Mechanical properties
Representative stress-strain plots of the tensile tests con-
ducted on wet 100 and 200 rpm electrospun mats and
onto 100 and 2000 rpm bilayer membranes are reported
in Figure 4A. The stress-strain curves represent the typi-
cal mechanical behavior of this polymer.!*®! The initial
region up to 2% strain shows an elastic behavior of the
material, in which the fibers stretch and slightly align in
direction of the applied load. In the second (yielding
region) and third (strain-hardening region) part of the
curve, the increase of applied strain leads to a signifi-
cantly increased fiber alignment and plastic deformation
in mechanical behavior.

All PLGA samples present Young moduli in the order
of the MPa, with the highest value reached by the bilayer
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TABLE 2 Young's modulus (E), the tensile strength of 100 and 2000 rpm electrospun mats and 100 and 2000 rpm bilayer membranes
100 rpm ESmat 2000 rpm ES mat 100 rpm bilayer membrane 2000 rpm bilayer membrane
E (MPa) 168 + 34 226 + 33 265 + 19 492 + 47
Tensile strength (MPa) 7+1 6+2 12+1 20 + 3
Elongation at break (%) 21+ 8 11+2 15+5 45+ 7
FIGURE 5 Ultimate suture (A) (B)
pullout load normalized to 70 v
membrane thickness (A); suture 60
pullout equipment with medium 2 l
container (B) ;:" 50 l
2 40
=
£ 30
§ 20
10
0
100 rpm Bilayer 2000 rpm Bilayer
membrane membrane

membrane produced at the collector rotation speed of
2000 rpm (Figure 4B). Table 2 summarized all the parame-
ters obtained from the tensile tests. As expected, the
2000 rpm electrospun mats, tested in the fiber direction,
exbibit a higher E modulus, equal tensile strength, and
lower elongation at break values than the 100 rpm
electrospun mats, although the differences are not signifi-
cant (ANOVA test). The higher elongation at the break of
the randomly oriented fiber mats suggests that, initially,
the applied load induces the alignment of the fibers in the
load direction, then, once aligned, the fibers start to resist
tension. The introduction of the dip-coated film on the
100 rpm electrospun matrix significantly improved its
tensile mechanical properties, inducing a significant
increase in the Young modulus and tensile strength, and
a significant decrease in the elongation at break. However,
the combination of the dip-coated film with the 2000 rpm
electrospun mats showed the highest mechanical perfor-
mances, with Young modulus and tensile strength
values almost double that of the single-layer mats and the
elongation at the break about three times higher than
other tested mats. Therefore, the presence of a dip-coated
film on nanofibrous layer with highly oriented fibers
significantly improved the mechanical properties of these
devices.

Another aspect to consider for clinic application is the
suture pullout strength. The results of the mock surgical
screw-tear test on the bilayer membranes produced at
100 and 2000 rpm are shown in Figure 5 A, in which the
maximum tear loads were normalized to the membrane
thickness.

Specimens showed predictable tear patterns that
extended upwards toward the superior edge of the speci-
men. Ultimate load per mm thickness measurements dem-
onstrated bilayer high tensile tear strengths, with 40
+10Nmm ' and 50+ 10 Nmm ' for 100 rpm and
2000 rpm bilayer membranes, respectively. The strength
exhibited by the PLGA bilayer membranes was higher
than the commercially available GTR membranes.[”!

4 | CONCLUSION

In GTR therapy, the membrane plays a vital role that can
provide a secluded space around the bone defect for osteo-
blast migration and growth without the interference of
fibroblast or epithelial cells.””! For this purpose, a bilayer
membrane with two different surface morphologies
(smooth and rough layer), one intended to be placed toward
soft tissue and the other toward bone tissue was fabricated.
The bilayer PLGA membrane was produced by coupling
two layers, deposited by the dip-coating and electrospinning
techniques. A PLGA solution was electrospun on the previ-
ously developed dip-coated membrane, rotating the drum
collector at 100 and 2000 rpm speeds to generate random
and aligned fibers orientation, respectively. In this way, the
smooth layer produced by the dip-coating technique should
conceivably prevent epithelial cells adhesion, while the
rough layer produced by electrospinning can potentially
improve bone regeneration.

The morphological analysis showed that dip-coated
film presented a flat and non-porous structure, while both
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100 and 2000 rpm electrospun layers showed a bead-free
nanofibers structure. In particular, 2000 rpm electrospun
mats presented higher fibers alignment and a decrease in
average fibers diameters with respect to 100 rpm
electrospun mats. The analysis of wettability indicated that
the bilayer membranes presented high hydrophobic
behavior, typical of PLGA products, while they swelled in
water completely in about 2 h. Additionally, the mechani-
cal characterization showed that the bilayer membranes,
in particular those produced at 2000 rpm, have a higher
Young modulus. The membrane produced in this prelimi-
nary work presented improved mechanical properties in
comparison to electrospun mats and in general in compar-
ison to commercial ones. The results of suture pullout
strength on the bilayer membranes reveal that they exhibit
higher strength than the commercially GTR membranes
reported in literature works.

These preliminary studies demonstrated the efficacy
of the novel combined electrospinning and dip coating
methodology in obtaining bilayer membranes possessing
adequate mechanical properties for clinical use. For this
reason, it is possible to suggest the use of the developed
PLGA bilayer membrane in GTR in the periodontium.
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