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In this study, silk fibroin (SF)/poly(ethylene oxide) (PEO) membranes were designed and fabricated by com-
bining ultrasound sonication prior to electrospinning (0 to 20min) as a strategy to physically control the
rheological properties of solutions (10 to 30% w/v PEO) and to improve the spinnability of the system. PEO has
proved to be essential as a co-spinning agent to assure good membrane reproducibility and enough flexibility for
clinical manipulation.

The rheological tests indicated that sonication greatly increased the viscosity of SF/PEO solutions and further
enhanced the quality of the produced electrospun fibers with consequent improved mechanical properties in dry
and wet conditions. By tuning the viscosity of the solutions using a simple sonication step prior to electro-
spinning, it was possible to induce water stability in the as-electrospun matrix, as demonstrated by infra-red
spectroscopy. This reduced complexity in the process since it was not necessary to concentrate silk prior to
electrospinning while avoiding the use of toxic solvents to perform a post-processing stabilization treatment
which usually causes dimensional changes to the SF materials.

Sonication pre-treatment allowed for minimizing the amount of synthetic polymer used to achieve the de-
sirable mechanical properties (with the modulus ranging between 90 and 170 MPa), while avoiding a further
water stabilization treatment. It also had a positive impact in the in vitro cell behavior of human primary
periodontal ligament cells (hPDLs), resulting in a marked increase in cell proliferation. The present developed
work constitutes a step forward towards simplicity and a better fabrication control of viable electrospun SF-
based membranes for periodontal regeneration.

1. Introduction

Periodontal disease is responsible for the decay and loss of the
periodontal structures in adults being one of the most common oral
diseases involving destruction of the tooth-supporting apparatus [1].
The development of this disease is usually associated with the accu-
mulation of an organized bacterial biofilm near the tooth also known by
dental plaque [1], which ultimately can cause the deterioration of the
collagen and consequently the periodontal ligaments [2]. As a result, a
phenomena known as “periodontal pocket” occurs [2], due to the re-
sorption of the alveolar bone and the relocation of the gingiva along the
tooth surface. A “National Health and Nutrition Examination Survey”

study carried in the United States, estimated that between 2009 and
2012, 46% adults aged 30 and over suffered from periodontitis [3]. This
number increases up to 70.1% in adults with 65 or older.
Regenerative periodontal therapy comprises techniques specially
designed to fully restore the architecture and function of the affected
area. However, only tissue repair has been achieved [4]. Thereby, other
surgical approaches have gained recognition in the attempt to restore
the lost periodontal tissues [4], promoting tissue integration, including
formation of new periodontal ligament with its collagen fibers func-
tionally oriented to the newly formed cement and alveolar bone [5].
Based on this idea, the concept of guided tissue regeneration (GTR) was
developed Nyman et al. in 1982 [6]. The GTR technique relies on the
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use of an occlusive membrane, which will be applied over the period-
ontal defect, thus promoting wound repopulation by PDL cells and in-
ducing periodontal tissue regeneration [4,7].

Currently, a wide diversity of structures (carriers, grafts, scaffolds
and membranes) has been described to be applied in periodontal de-
fects, promoting the regeneration of periodontal tissue. These include
autogenic, allogenic and xenogeneic grafts [8], natural component
membranes [9,10] or synthetic carriers [8]. Regardless of the used
material, it is important to understand that the key parameters of these
structures need to be assured for a bidirectional cell-membrane inter-
action [8]. Apart from the biocompatibility requirements of the mate-
rial with the surrounding structures of periodontal ligament, the pro-
vided structure also needs to be able to isolate the wounded space, thus
excluding the invasion of undesirable cells [7,9,10]. Polytetra-
fluoroethylene (PTFE) non-absorbable membranes are a well-re-
cognized standard in clinical use [11]. However, to exclude a second
surgical procedure, the demand for absorbable biomaterials increased
and several bioabsorbable membranes have been proposed [12]. Syn-
thetic polyglycolic acid (PGA) and its copolymer (PLGA) [13], poly-
lactic acid (PLA) [13], natural chitosan [14,15], gelatin [16] and col-
lagen [17], are just some of the most commonly used.

Silk fibroin is a natural polymer with remarkable mechanical
properties, proven biocompatibility, oxygen and water vapor perme-
ability, proteolytic degradability and minimal inflammatory reaction,
besides being easy to process at a low cost [18,19]. Taking into account
these unique properties, its applicability in several biomedical fields is
being investigated, including: hydrogels, nano-/microfibers, mem-
branes, nanospheres and coatings which can support the repair and/or
regeneration of skin [20], bone [21] and cartilage [22], vascular [23]
or neural [24] tissues. These structures can be directly used as implants,
scaffolds for tissue engineering [24] or vehicles for drug release [25].

Due to its natural ability to be spun [26], SF is particularly attractive
for the production of nanofibrillar structures resembling the col-
lagenous extra-cellular matrix (ECM), namely by electrospinning tech-
nology [27,28]. In this process, polymer concentration plays an im-
portant role on the resulting solution viscosity, which in turn reveals to
be critical to the overall effectiveness of the electrospinning process and
quality of the fibers [28]. Water-based silk solutions have been suc-
cessfully electrospun [29,30]. However the concentrations necessary to
achieve the adequate viscosity for the formation of stable fibers are
relatively high, as reported for instances in the work of Wang et al. [29]
in which non-less than 17% (w/v) of SF in solution was necessary to
ensure the production of viable electrospun mats. However, increasing
the concentration of SF-based stock solutions results in several stability
problems due to its ability to self-assemble into insoluble (3-sheet con-
formation. This leads to the conversion into a gel which is not able to be
spun [31,32]. Also, the produced mats tend to be brittle, limiting its
application as a flexible membrane [32]. To blend SF with polymeric
additives has been therefore, a common practice. Poly(ethylene oxide)
(PEO) has been used to increase the viscosity in low-concentrated SF
solutions [32-34]. However, the presence of PEO was found to have a
negative impact on the biocompatibility of these materials [35]. Thus,
there is interest in reducing this polymer blending dependence while
maintaining the fiber quality and stability of the SF matrices.

Ultrasonic treatment has been used as a strategy to tailor the visc-
osity of SF-based solutions [36,37]. This study intends to explore this
possibility applied SF/PEO solutions, as a strategy to improve the
electrospinnability and quality of the produced nanofiber membranes
for periodontal regeneration. The morphology and mechanical prop-
erties of the electrospun membranes produced without and after several
periods of sonication were characterized. Cell interaction with the
produced nanofiber matrices was studied using human periodontal li-
gament cells through adhesion and proliferation tests.
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2. Materials and methods
2.1. Materials

Bombyx mori cocoons, used as source of silk fibroin, were provided
by the Portuguese Association of Parents and Friends of Mentally
Disabled Citizens (APPA-CDM, Portugal). All the remaining reagents
were purchased from Sigma-Aldrich, unless stated otherwise.

2.2. Preparation of silk fibroin/PEO solutions

Silk Fibroin was degummed through a previously developed pro-
cedure, as described elsewhere [38]. Briefly, the cocoons were boiled in
a solution containing 0.02 M of sodium carbonate anhydrous (Na,COs5;
ACROS ORGANICS) for 30 min, followed by a silk fibroin mesh rinse. In
order to produce an aqueous silk fibroin solution (pure solution), de-
gummed fibers were dissolved in a 9.3 M lithium bromide (LiBr) solu-
tion at 60 °C for 4 h, with a ratio of SF:LiBr of 1:4 (wt/v). The dissolved
silk fibroin was dialyzed against distilled water, using a benzoylated
dialysis tubing (molecular weight cut-off: 2000 Da), for 48 h to remove
the salt. After dialysis, SF solution was centrifuged at 5000 rpm, as a
purification step. The final concentration of SF in solution was ~7%
(w/v) as determined by the wet weight methodology.

A variety of compositions of the SF/PEO aqueous blends were pre-
pared, using a starting solution of 6% w/v PEO (Mv: 200 kg mol~1).
Three different SF/PEO blend formulations were prepared according to
the SF/PEO weight percentage ratios: 90/10, 80/20 and 70/30. Before
storage, the pH of all solutions was measured and adjusted to the ideal
range, between pH of 7-8, in order to mimic the conditions found in the
silkworm gland [39], with solutions of hydrochloric acid (HCI, 0.5 M)
and sodium hydroxide (NaOH 0.5 M). All solutions were kept at 4 °C
until further use.

2.3. Ultrasound sonication

SF/PEO blends were sonicated with a UP50H Compact ultrasonic
lab homogenizer (50 W, Hielscher-Ultrasound Technology, Germany).
The sonication parameters were first optimized, including operating
frequency, cycle, time of sonication, type of sonotrode used and the
sample volume. A 7 mm diameter sonotrode with a fixed frequency of
50Hz and a continuous cycle was used. These tests were performed
using an indirect sonication method, in which the sonotrode placed in
contact with a water bath where the sample's tube was then positioned,
at a submersion depth of 10 cm. This container was then placed in
contact with ice in order to avoid the heating of the sample, caused by
the ultrasounds. The temperature of the water bath was kept at ~20 °C.
The different SF/PEO solutions were treated for the periods: 7.5, 15, 20
and 30 min. From this point further, it was noticed that the solutions
went through a gelling process (qualitative observation), which made
them non-viable for further electrospinning.

2.4. Electrospinning of the aqueous SF/PEO blends

SF/PEO solutions were electrospun for the fabrication of the nano-
fiber membranes using an electrospinning equipment (Fuence Esprayer
ES-20008S, Japan). A schematic figure of the process is shown in Fig. 1.

The used electrospinning setup relied on three components. A high-
voltage supplier, a capillary needle in which our polymeric solution will
be inserted and a grounded collector (aluminum foil) [40-42]. The
electrospinning process parameters were optimized to achieve stable
and reproducible spinning, in particular the flow rate, applied voltage
and the distance between the tip off the syringe (a 18 G tip was used)
and the grounded collector. The optimized applied voltage was 30 kV.
The optimized flow rate for all formulations was 20 uL/s, since that was
the minimal value enabling fiber extrusion instead of droplet ejection.
Based on previous studies, the height of the spinneret was adjusted to
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Fig. 1. Electrospinning of SF solutions with varying viscosities modulated by
ultrasounds.

20 cm, because lower heights do not enable proper solvent evaporation
(in this case, water) [34]. The obtained membranes were left in a fume
hood for drying. Since they demonstrated water stability, no post-
spinning treatment was necessary to stabilize silk II conformation, thus
avoiding the use of toxic solvents.

2.5. Rheological analysis of the SF/PEO blends and pure SF solutions

The rheological tests were performed at 25 °C using a rheometer (AR
2000ex TA Instruments-USA). Before each test, samples were subjected
to a constant shear rate (Y = 10s~ 1) test was used for 100 s in order to
ensure that the samples were evenly distributed (established and uni-
form rheological state) along the rheometer plate. After that, an oscil-
latory stepped flow assay, was used to access the rheological behavior
of the solutions of SF/PEO with a linear increase of shear rate, from
Y =1.000s"" up to 1000s~'. The viscosity's “flow curves” were
generated by testing the different blends over a range of shear rates
(n = 3). Raw data was treated through the use of the TA Instruments
TRIOS software. The values of average viscosity were then obtained by
identifying the first viscosity value right after the low shear rate visc-
osity plateau (Linear Viscoelastic Region).

2.6. Morphological characterization — scanning electron microscopy (SEM)

SEM analysis of the SF membranes was performed using a Zeiss
Sigma 300 (Oberkochen, Germany) scanning electron microscope and a
Hitachi TM3000 (Tokyo, Japan) imaging software. To improve the
sample's conductivity the membranes were sputtered with a 20-30 nm
thick copper coating prior to imaging.

The samples were analyzed at the following magnifications, 2000 X,
5000 % and 10,000 x with an extra high tension (EHT) of 10.00 kV. To
estimate fiber diameter, “Diameter”, a plugin from ImageJ, software
was used. For each condition, two membranes were tested and 10 dif-
ferent fibers were chosen to perform 3 measurements along the length
of each one. For this, SEM images with a magnification of 10,000 X
were used.
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2.7. Fourier transform infrared spectroscopy with attenuated total
reflectance (FTIR)

Fourier transform infrared spectroscopy (FTIR-ATR, PerkinElmer
precisely, Spectrum 100, USA) was used to analyze the chemical
structure of the produced matrices after processing. FTIR spectra were
obtained in the range of wavenumber from 4000 to 450 cm ~* during 16
scans, with 4 cm ™! resolution, and region of the spectra corresponding
to the fingerprint of both polymers in the blend was displayed (1800 to
800 cm ™', n = 2). After obtaining the data, the spectrum was smoothed
using the Spectrum software to minimize interferences.

2.8. Mechanical characterization

Mechanical properties of dry and wet SF/PEO membranes were
assessed according to the ASTM D882 — 02 protocol. Uniaxial tensile
test was performed using texturometer equipment (TA.XT PLUS,
Texture Analyzer, UK), with a 2N load cell. To prepare the mechanical
test in the wet state, the membranes were immersed in PBS, for about
5 min before the test, to ensure that they reached full hydration. From
each membrane sample 5 replicate specimens were cut with an average
dimension of 3 cm length/1 cm width. The cross-section of the mem-
brane was measured using a micrometer exactly in the center of the
sample, which varied from 10um to 250 um. This ensured that the
deformation and failure was consistent from sample to sample and
accurately representative of the material. The specimens were placed
between two grips (gauge length of 100 mm) and the tensile test was
performed at a 1mm-s~ ' speed. Ultimate Tensile Strength (UTS),
Young's modulus, Stress at Break and Elongation at break were obtained
from the corresponding stress/strain plots. UTS was calculated as the
maximum stress that the membrane could withstand before failure;
Young's modulus corresponds to the slope from the linear region of the
plot; Stress at Break corresponds to the point at which the material
fractures; Elongation at break corresponds to the strain (deformation)
at rupture.

2.9. Water vapor permeability

The water vapor permeability method was performed according to
the E96/E96M [ASTM, 2010]. In order to access the permeability of the
SF/PEO electrospun membranes to water vapor, 3 circular samples with
0.016 m diameter of each formulation were cut and placed on the top of
glass flask after being previous hydrated in MiliQ water for 0.5 h. The
flask, filled with 8.0 x 10~°m? of MiliQ, was then weight before and
after the samples were placed on an oven at + 35 °C for 24, 48, 72 and
168 h. The amount of lost water was calculated using the following
equation:

Equation

G

wvr =S - (S)a

tA (€D

where:
In metric units:
G = weight change (from the straight line), g;
t = time, h;
A = test area (cup mouth area), m?; and
WVT = rate of water vapor transmission, g/h-m?
An uncovered flask filled with MiliQ water was used as control.

2.10. Cytotoxicity: direct contact

The cytotoxicity of the SF/PEO membranes was assessed using
human cells from the periodontal ligament (hPDLs). After signing an
informed consent, PDL cells were harvested from an impacted third
molar of an adult patient (18 years, female).

Cells were cultured with DMEM medium (Sigma) supplemented
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with 10% fetal bovine serum (Gibco) and 1% Penicillin/Streptomycin
(Gibco) under controlled conditions (37 °C, relative humidity of 95%
and 5% CO, saturation). The medium was replaced every other day.
When 90% of confluence was reached, cells were first washed with
sterile PBS and detached with TrypLE Express (Gibco). In this study,
hPDL cells were counted and seeded at passage number 11, in a con-
centration of 2,5 x 10* cells/membrane by means of a droplet of 30 pL,
and incubated for 2h to promote cell attachment. It has have been
reported that these cells maintain its functionality (phenotype/geno-
type) up to passage 9 [43]. Beyond that, subsequent studies have been
performed with this cell source up to passage 15 without loss of their
characteristics (data to be published).

After that period, the cell-seeded membranes were transferred to
new vessels and culture medium was added. At 1, 3 and 7 days the
membranes were collected for different biological assays. Controls were
performed with materials without cells and with cells only cultured in
tissue culture polystyrene (TCPS). All assays were performed in tripli-
cate and repeated 3 times.

For SEM analysis, samples were fixed with 2.5% glutaraldehyde
solution, washed with phosphate buffered saline (PBS) and serially
dehydrated with increasing concentrations of ethanol (10, 20, 30, 40,
50, 60, 70, 80, 90 and 100%), sputter-coated with a thin layer
(9-12nm) of gold/palladium (SPI Module Sputter Equipment). The
specimens were further analyzed by SEM using a Quanta 400 FEG
ESEM/EDAX Genesis X4M (FEI Company, USA). SEM micrographs were
recorded at 15kV with magnifications ranging between 500 and 2000
times.

Confocal microscopy imaging was performed with a laser scanning
confocal microscope (LSCM) - Leica TCS SP5 (Leica, Germany). For
that, at each time point, cells were fixed with formalin 10% for 15 min
and further washed with PBS, and stored at 4 °C until use. At the day of

m30% PEO

.

2

o

min

the observation, cells were permeabilized using a 0,2% (v/v) Triton
X100 (Sigma-Aldrich) solution for 15 min. Non-specific binding was
performed with 3% bovine serum albumin (BSA; Sigma-Aldrich) for
30 min. After washing with PBS, cells were stained with phalloidin-
TRITC (Sigma-Aldrich) diluted at 1:500 and incubated for 30 min. After
washing with PBS, DAPI (Sigma) diluted at 1:1000 was incubated,
washed with PBS and samples observed at LSCM.

Cell metabolic activity was assessed by resazurin assay. Briefly,
80 uL of resazurin (1 mg/mL) (Sigma) solution in PBS was added to
each well. A blank was performed only with DMEM and resazurin. Cells
were incubated for 2 h and fluorescence (Yex/em = 530/590 nm) read in
a microplate reader (Synergy Mx, Biotek).

DNA concentration was determined by using a fluorimetric dsDNA
quantification kit (Quant-iT™ PicoGreen®, Molecular Probes,
Invitrogen, USA). Triplicates of each condition were collected at pre-
viously defined time points, washed twice with sterile PBS and trans-
ferred into Eppendorf tubes containing 1 mL of ultrapure water and
stored at —80 °C. Frozen constructs were thawed and sonicated for
15min to release intracellular DNA into the water. Prior to DNA
quantification, the specimens were subjected to vortex at maximum
rpm for 30s. Per each well of a white opaque 96-well plate were added
28.8 uL. of sample or standard (n = 3), 71.2 uL of PicoGreen solution
and 100 pL of TE buffer. The plate was incubated for 10 min protected
from light and the fluorescence was read in a microplate reader
(Synergy Mx, Biotek) by using an excitation wavelength of 485/20 nm
and an emission wavelength of 528/20 nm. The amount of DNA was
calculated by interpolation from a standard curve prepared at dsDNA
concentrations ranging from 0 to 2 pg/mL.
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2.11. Statistical analysis

One-way analysis of variance was performed using IBM SPSS
Statistics 22 software for the mechanical characterization and perme-
ability tests. Statistical analyses of variance (ANOVA Two-way) ana-
lyses were performed using IBM SPSS Statistics 22 software for the
rheological assays, cytotoxicity assays and SEM analysis of the elec-
trospun fibers diameters. In this study, a 95% confidence interval was
used, so the results were considered as statistically significant if the p-
value was < 5%.

3. Results
3.1. Rheological analysis of the SF/PEO blends and pure SF solutions

The effect of sonication over the viscosity of the SF/PEO solutions
was assessed by rheological tests. The relationship between the visc-
osity of the samples containing 10%, 20% and 30% of PEO, after so-
nication times of 7.5, 15 and 20 min is plotted in Fig. 2. Non-sonicated
samples and pure SF solution (without PEO) exposed to the same so-
nication times were also evaluated as control groups.

The average viscosity tends to increase, as the samples are subjected
to longer sonication periods, likely by the establishment of (-sheet
conformation induced by the ultrasounds. As expected, the presence of
PEO has also a marked influence on increasing the viscosity. In pure silk
solutions the average viscosity increases from values of ~13.1 x 10~ 2
to ~21 x 10~ ° Pass, before and after a sonication period of 20 min. This
increase is more pronounced for higher percentages of PEO. For ex-
ample, in samples with 30% PEO the viscosity increase from
~50 x 10~ 3 to ~80 X 10~ > Pa's before and after a sonication period of
20 min, respectively. These results indicate that the increase of viscosity
by sonication is enhanced by the presence of PEO in the structure.

After testing the viscoelastic properties of the solutions, they were
processed by electrospinning. Table 1 represents a qualitative ob-
servation of each obtained solution, for the tested processing condi-
tions.

For non-sonicated blended solutions, only those with a minimum
amount of 20% of PEO and corresponding viscosity of
39.1 = 6 x 10~ 3Pass could be spun in a continuous and homogeneous
membrane. Nevertheless, solutions containing 10% PEO were con-
sidered to the combined sonication and electrospinning process to-
gether with solutions containing 20%, to evaluate whether the sonica-
tion pre-treatment could enhance the processability of solutions and/or
the quality of the fibers. The 30% PEO blends, when submitted to so-
nication, revealed levels of viscosity which did not allow for the solu-
tion to flow through the spinneret, i.e. too high for electrospinning.
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3.2. Morphological characterization of the produced membranes

The effects of altering the solution properties via sonication pre-
treatment while maintaining steady electrospinning process para-
meters, on the fiber formation, morphology, and diameter, were in-
vestigated macroscopically and by SEM, as presented in Fig. 3. The fiber
diameter was calculated for each of the conditions and plotted in Fig. 4.

Fig. 3 shows SEM micrographs of the electrospan membranes. A
clear influence of both PEO concentration and the sonication pre-
treatment on improving the resulting quality of the produced nanofi-
bers can be observed. Also, by analyzing Fig. 4, it is possible to un-
derstand that the fiber diameter increases with increasing concentra-
tions of PEO and with the time of sonication pre-treatment. The
membranes produced from non-sonicated solutions containing 20% and
30% of PEO presented continuous fibers with uniform diameter (Fig. 3a
and b). When analyzing the correspondent fiber diameter (Fig. 4) it is
possible to observe a significant increase (p < 0.05) with the increase
of the PEO content.

When performing a sonication treatment prior to electrospinning it
was possible to produce beadless and uniform nanofibers, when PEO
was present at percentages of 20% (Fig. 3c and d). In this case, the
effect of sonication over the fiber diameter has a significant impact
(p < 0.05, Fig. 4), when comparing non-sonicated samples with those
sonicated for a period of only 7.5 min, going from ~318 = 18 nm to
~390 + 65nm, which is maintained after 20min of sonication
(~390 = 30nm).

When decreasing the percentage of PEO to 10% and after a soni-
cation treatment of 15 min (Fig. 3e) it was possible to spin the solution
and create a viable membrane, yet presenting irregular thickness (vi-
sual inspection of the membranes revealed thicker regions than others)
and microscopically the so called “beaded-fibers” [23,44]. This irre-
gularity did not allow for an accurate measurement of the diameter, in a
reproducible manner. PEO is usually added to the SF aqueous solutions
to overcome the problem of low concentration in the electrospinning
process, by increasing the solution viscosity and thus avoiding the
formation of droplet-like irregularities on the fibers. In our study, in-
stead, we increased the sonication period to 20 min, which has led to
the complete elimination of the bead formation (Fig. 3f) and the pro-
duction of continuous fibers with a regular diameter of ~388 + 37 nm
(Fig. 4). This diameter was in the same range of the fibers produced
from solutions containing 20% PEO and sonicated for the same period
(~390 *+ 30nm), indicating that the sonication period had a higher
impact on the fiber diameter than the percentage of PEO.

3.3. Chemical analysis - Fourier transform infrared (FTIR) spectroscopy

FTIR analysis was used to study any structural changes induced by
sonication on the SF/PEO electrospun membranes. Fig. 5 shows the
spectra corresponding to each membrane.

Table 1
Viability of the different solutions for the electrospinning process.
Sonication treatment PEO (%)
(minutes)
0% (pure SF) 10% 20% 30%
Spinning Comments Spinning Comments Spinning Comments Spinning Comments
0 X Low viscosity X Possible formation of v Optimal viscosity for spinning v Optimal viscosity for
“beaded-fibers” spinning
7.5 X Low viscosity X Possible formation of v Optimal viscosity for spinning X High viscosity
“beaded-fibers”
15 X Low viscosity v Formation of “beaded- X Solutions with similar solution X High viscosity
fibers” already spun
20 X Low viscosity v Optimal viscosity for v Optimal viscosity for spinning X High viscosity
spinning
30 X High viscosity X High viscosity X High viscosity X High viscosity
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Fig. 3. Macroscopic and SEM (10,000 x ) images of the electrospun matrices; a) 20% PEO (Non-sonicated); b) 30% PEO (Non-sonicated); ¢) 20% PEO (7.5 min of
sonication); d) 20% PEO (20 min of sonication); e) 10% PEO (15 min of sonication) and f) 10% PEO (20 min of sonication).
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Fig. 5. a) FTIR spectra of the different SF/PEO electrospun membranes.

The spectra of all the SF/PEO membranes showed similar char-
acteristic regions. Through the fingerprint zone (800-1800cm ')
analysis, the three major characteristic bands of SF were identified
(Fig. 5), corresponding to amide I (1648 cm 1) for the non-sonicated
blend, which is characteristic of mainly amorphous silk conformation
[45]. For the sonicated membranes, a small shoulder starts to appear at
1630 cm ™~ !, the beginning of the characteristic amide I band. The result
only indicates an amide I shift to 1650 cm ~ ! upon increased ultrasound
sonication exposure to 20 min.

Usually located between 1500 and 1600 cm ™!, the characteristic
band of amide II, slightly shifts according with the PEO concentration in
solution [32,45]. As indicated in the spectra and regardless of sonica-
tion periods, the 20% PEO blends show bands around 1530 cm ™!,
however, in the case of the 10% PEO blends, the amide II band shifts to
1520 cm ™', Another characteristic band of silk fibroin is located at
1238 to 1322 cm ™~ ! known as the amide III [45].

The bands at 1460 and 1348 cm ~ ! are attributed to the vibrations of
the CH2 - group of PEO, as well reported in the literature [46]. Like-
wise, the bands at 1100 and 960 cm ™! are due the C—O group asym-
metric stretching vibrations and to C—O—H bending vibrations and the
strong band near 2885 cm ™! is attributed to the symmetric and asym-
metric C—H stretching [47]. The broad intensity band between 3200
and 3600 cm ™ ?, is attributed to O—H and N—H groups stretching vi-
bration [47]. These bands intensify with increasing percentage of PEO.

3.4. Mechanical characterization

The mechanical tests allowed to determine the Young's Modulus, the
Stress at Break, Ultimate Tensile Strength (UTS) and the Elongation at
break of the electrospun membranes in dry and wet state and are pre-
sented in Fig. 6.

The performed tensile tests indicate clear differences between the
mechanical properties of the produced membranes (Fig. 6a). In the dry
state, the Young's Modulus (Fig. 6b) of the different samples was at least
40 times higher than in the wet state. Stress at Break also follows the
same pattern, by showing that dry samples had values at least 6 times
higher than those found in the wet state (Fig. 6¢). The UTS values
(Fig. 6d) showed a fold increase of 10 times for samples in dry state as
compared to wet state, while the Elongation at Break (Fig. 6e) displays
an opposite behavior, showing higher values for the wet state samples,
with the exception of the non-sonicated formulation. These results in-
dicate that the presence of water in the structure has a strong plasti-
cizing effect in the structure of the membranes, which become more
ductile.

When comparing the different processed samples in the dry state, it
is worth noting that formulations with the same PEO concentration,
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revealed lower Young's Modulus values for longer sonication periods;
10% (15min) and 10% (20 min) showed 166 MPa and 104 MPa re-
spectively; whereas the 20% (non-sonicated) and 20% (7.5 min)
showed 134 MPa and 90 MPa, respectively. The Stress at Break, besides
increasing with higher concentrations of PEO also increased with so-
nication for samples with less amount of PEO, while for the materials
with 20% the values were not statistically different (p > 0.05).
Regarding the UTS results for the dry samples it is possible to note that
these were affected by the sonication treatment (p < 0.05), since for
samples containing only 10% PEO, the UTS increases from 1.19 MPa to
1.80 MPa with increasing time of sonication from 15 to 20 min. For
samples with 20% there is also an increase from 2.58 MPa to 2.84 MPa
with an increase of sonication exposure from 0 to 7.5 min. These UTS
results are in accordance with the previously reported in the literature
for this system by Suzuki et al. [48]. In this study the values of UTS
were around 1-2 MPa, in the order of those achieved herein for non-
treated silk membranes in dry state, 2.74 MPa. In the wet state, the
elongation at break increases with sonication time for both formula-
tions and tends to be higher with increasing percentage of PEO.

Overall, the mechanical characterization, in particular of the wet
state samples, was useful to understand that increasing sonication
periods does not particularly affect the Young Modulus, the Stress at
Break and the UTS. On the contrary there is a strong effect in the
elongation capacity of the materials, which increases with increasing
sonication periods.

3.5. Permeability tests - water vapor permeability assay

The ability of the membrane to permeate biomolecules and fluids
when applied to the periodontal defect can allow for gaining some in-
sights on its suitability in a wound healing application. This was studied
by permeability assays and the results are disclosed in the Fig. 7, which
relates the water vapor transmission rate, along the different tested
time points.

As presented, the permeability between membranes up to 7 days
was very similar between all four formulations, indicating that the mass
transport is not significantly altered with increasing time of sonication
or with increasing percentage of PEO. Water vapor permeability is
strongly dependent on the water diffusion coefficient and solubility
[49]. Therefore, it becomes important to correlate the obtained values
with the ability of the material to be permeable to water and biomo-
lecules, while acting as a barrier to PDL cells.

3.6. Cytotoxicity: direct contact

Cell morphology and the interaction between the hPDLs and the
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Fig. 6. Mechanical behavior of SF/PEO membranes at dry and wet states: (a) Stress-strain curves; (b) Young's Modulus; (c) Stress at Break; (d) Ultimate Tensile
Strength (UTS); (e) Elongation at break. (*) means that a significant statistical difference was found between the compared samples (p < 0.05). (#) means that no
significant statistical difference was found between the compared samples (p > 0.05).

silk-based membranes were observed by SEM for the studied time between the 4 tested conditions. Human PDLs are usually around
points (1, 3 and 7 days), as presented in Fig. 8. 10-15 um [50], which impairs their penetration across the layers of the

Cell-seeded membranes showed that cells adhered to the surface of produced electrospun mats, whose average pore size is < 5pum. It can
the membranes after 1 day (Fig. 8a—d), with no pronounced differences be observed that at day 3 (Fig. 8e-h) there was an increase in cell

mControl [20% (non-son) [E10% (15min) [ 10% (20min) E20% (7.5min)

16000

14000

12000

Water vapor transmission rate (g/m2/24h)

g | 2 3 7
Testing time (days)

Fig. 7. Water vapor transmission rate evaluated between after 1, 2, 3 and 7 days. The asterisk (*) means that a significant statistical difference was observed between
the compared samples and the control (p < 0.05).
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Fig. 8. SEM micrographs (500 x and 2000 %) of hPDLs seeded on the surface of the different electrospun matrices after 1, 3 and 7 days of culture.

density, compared to day 1 (less pronounced on 20% (non-son) for-
mulation); it was observed that cell spread occurred and that cells were
distributed and occupied a large area of the mats. At day 7 (Fig. 8i-1),
the expansive behavior followed the same pattern, verified on previous
days, and the cells formed a subconfluent monolayer on the surface of
the membranes. Again, this behavior was not so evident on the 20%
(non-son) formulation, where the cell density after 7 days of culture was
visibly lower.

Confocal microscopy images obtained after Phallodin-TRITC and
DAPI staining (Fig. 9) evidenced that cells presented a typical fibroblast
like morphology in the silk electrospun mats, corroborating the findings
obtained after SEM analysis. The formulations with the minimum
amount of PEO (10%) presented more cells at the surface with time,
with the cytoskeleton intensively stained in red spreading over the
nanofibers. On the other hand, the formulation with the higher amount
of PEO evidenced less cells at membranes' surface.

The metabolic activity and DNA quantification of human PDLs
seeded and cultured onto the tested membranes after 1, 3 and 7 days of
culture is presented in Fig. 10.

Cell metabolic activity increased with time for all tested membranes
(Fig. 10a), which indicated that these structures are suitable for hPDLs
colonization. Compared to TCPS, which is the ideal condition for cell
growth, the electrospun membranes showed similar results. Regarding
DNA quantification (Fig. 10b), the results are in accordance with the
cell metabolic activity, where the highest amount of DNA quantification
belongs to the 10% (15 min) formulation and the lowest for 20% (non-
son). It is also possible to observe that DNA amount increased with time
for all conditions, except the 20% (non-son). In accordance with the
SEM images, cell viability and proliferation assays corroborated the
increase in cell number over time in all membranes, except for the 20%
(non-son), which is related with the presence of higher concentrations
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of PEO.

4. Discussion

4.1. Modulation of silk fibroin rheological properties by ultrasound
sonication

The rheological behavior of the SF/PEO blends was observed to be
PEO dependent since the increase of PEO concentration in solution led
to a significant increase in viscosity. As the polymer concentration in
solution increases, intermolecular distances get shorter and the inter-
actions are favored. Initially weaker interchain interactions such as
hydrogen bonds and hydrodynamic and electrostatic interactions take
place, and finally the formation of B-sheet domains occurs, until a tight
network is established. This effect has been previously reported
[32,51,52]. Still, the objective of this study was not to focus on the PEO
ability to enhance silk solutions' viscosity, but instead, to use ultrasound
sonication to increase the viscosity, as a way to decrease the amount of
added synthetic polymer without increasing SF concentration. The
mechanical vibration during the process induces the formation and
collapsing of bubbles. This physical phenomena so-called cavitation
induces local heating, increase of pressure and high strain rates [36].
This method has been exploited in a variety of polymer processing
applications, including self-assembly [53] and gelation [36,37]. Ac-
cording to the literature, it is likely that silk fibroin sol-gel transitions
are influenced by the cumulative effect of several physical factors re-
lated to sonication treatment namely, mechanical/shear forces, the
increase of local temperature and increased air-liquid interfaces [36].

As described in the literature, sonication physically induces a con-
formational transition in silk, from its primitive structure (random coil)
to a (3-sheet conformation (silk II structure) [37,54,55]. Wang and co-
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7 days

Fig. 9. Confocal microscopy of hPDLs seeded in the surface of the different electrospun matrices after 1, 3 and 7 days of culture. Cytoskeleton actin is stained in red
(phalloidin-TRITC) and the nuclei are stained in blue (DAPI) (Scale bars: 200 um). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

workers [36] demonstrated that by exposing silk fibroin to an ultra-
sound treatment using amplitudes of 20%, it was possible to induce the
conformational transition in a controllable way, within few minutes to
several hours, until jellification was observed. However, this study does
not reveal the frequency used during the sonication process. According
with the work of Samal et al. [37] sonication treatment induces the
formation over time of a highly crystalline 3-sheet conformation, due to
its hydrogen bond rearrangement, followed by tight packing of stacked
sheets, which serve as physical cross-links to stabilize the polymer.
Therefore, when subjected to ultrasounds, SF accelerates the assembly
of its hydrophobic tightening (cross-linking) and gelation occurs [37].

In the case of high molecular weight PEO (as the one used in this work),
it has been reported that sonication triggers a two-step process. First, it
physically breaks into low molecular weight chains, then those chains
aggregate in clusters [56]. In our case, ultrasound sonication was not
used as a gelling strategy but with the aim of increasing the viscosity of
the solution and therefore improving the electrospinning process. A
maximum of 20 min of ultrasound sonication was sufficient for allowing
the formation of (-sheets without an irreversible gelling effect, which
would compromise the spinnability of the solutions.

In case of solutions containing the highest amount of PEO in the
blend (30%), the viscosity decreases from 15 to 20 min of sonication.
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Fig. 10. a) Human PDLs metabolic activity and b) DNA quantification of hPDLs seeded in the surface of the different electrospun matrices after 1, 3 and 7 days of
culture. (#) means that no significant statistical difference was found between the compared samples (p > 0.05).

This can possibly be explained by the occurrence of a scission of the
PEO molecular chains, for being unable to dissipate the energy imposed
by the sonication process, as reported by Peer et al. [57] using pure PEO
solutions of concentrations up to 11%. In this case, an increase in time
of sonication up to 60 min at a frequency of 24 kHz was accompanied
by a progressive decrease in shear viscosity and polydispersity, being
reflected in a fiber thinning. In the present study the sonication treat-
ment up to 20 min at a frequency of 50 kHz was not reflected in a de-
crease in the final fiber diameter probably due to the contribution of the
SF phase undergoing self-assembly. Therefore, the gelation of solutions
through ultrasounds depends mostly on the polymer chemistry and its
concentration, but also on sample volume, temperature, pressure, en-
ergy output (amplitude), frequency and period of sonication [36]. In
the natural silkworm spinning process high shear forces are experienced
at the anterior division of the silkworm gland [36]. Herein, we intend to
recreate this effect first with sonication treatment and then during
electrospinning, where the shear forces at the needle will induce mo-
lecular alignment and fiber formation.

4.2. Physico-chemical properties of electrospun SF/PEO nanofiber mats

Considering the increasing number of natural biocompatible poly-
mers that have lately been emerging for membrane processing, such as
collagen [17], chitosan [14,15] and gelatin [58], electrospinning was
proposed as a technique with the potential to provide biodegradable
nanofibrous mats, with fibers in the same order of magnitude of those
present in the natural ECM structure.

Silk-based electrospun membranes have been developed in different
contexts such as tissue engineered vascular grafts [23], skin tissue
template/wound dressing [20], bone tissue regeneration [59] and
cartilage repair [60], but have only recently been considered for dental
applications. Kim et al. [59] have proposed a SF electrospun membrane
for periodontal GBR, demonstrating good biocompatibility and enhan-
cing bone regeneration in vivo, with no evidence of inflammatory re-
action. However, to be electrospun, these fibers were dissolved in
formic acid, which is an extremely toxic solvent, due to its inhibitory
action on the mitochondrial cytochrome oxidase complex [61]. The
present work silk is spun from water-based solutions. Our previous
studies [62] demonstrated that the electrospinning parameters defined
(30kV of voltage, 20 uL/s of flow rate, and a plate distance of 20 cm)
were not able to correctly flow silk water solutions at low concentra-
tions (7% wt/v), forming interrupted jets of nanofibers mixed with
solution's droplets, due to its low viscosity. After the dialysis process, SF
solutions present a relatively low concentration, which does not allow
for a stable jet formation, leading to irregular fibers with the appear-
ance of drops. A similar effect was found by Wang et al. [63] for pure SF
aqueous solutions lower than 17% (w/v). Jin et al. [32] also reported
that a concentration higher than 10% (w/v) or blending with PEO (at a
minimum ratio of 1:3 PEO/SF) were required to overcome the lack of
electrospinnability of natural SF aqueous solutions. Huang et al. [64]
and Feng Zhang et al. [51] reported that enhanced viscosities of the SF/

PEO blends are directly related to the formation of a stable jet and the
obtainment of a continuous and smooth fibers mesh. Usually, a higher
viscosity of the fluid jet, is an indicative of a larger fiber diameter. [64]
In our work the addition of PEO combined by ultrasound sonication has
allowed to generate high quality silk nanofibers during electrospinning,
minimizing the PEO concentration. This strategy avoids the step of
concentrating the silk, which often leads to self-assembly into [3-sheet
conformation and consequent precipitation, simplifying the process for
further scaling up.

FTIR analysis demonstrated that the SF/PEO membranes were
mainly composed of random coil structures. The sonication treatment
induced some degree of -sheet conformation, as demonstrated by the
analysis of the amide I region and as a consequence, the solution
viscosity increased. This indicates that part of the SF structure has
undergone a conformation transition, which is typically accompanied
by a decrease of random coils and turns [36]. As a consequence it was
possible to generate water stable membranes without the need of post-
treatment using toxic solvents such as methanol.

The mechanical performance plays an important role in GTR stra-
tegies, since it is important to have a membrane adaptable and capable
of physically support the regeneration of the surrounding tissues.
Typically, the periodontal tissue thickness can range from 0.15 to
0.38 mm [65] and the modulus varying from 0,01 to 1750 MPa [66].
This highly variability, is due to its complex biological structure. To
replace it, several membrane systems are currently in clinical use, being
collagen-based decellularized membranes, the most similar to the bio-
logical tissue. However, the use of human- or animal-derived collagen
encompasses regulatory issues and the risk of transmission of diseases
[67]. In this work, the mechanical tests performed in the dry state to SF
nanofiber membranes revealed that the highest elastic modulus, ranged
between 90 MPa to 170 MPa, which is comparable with commercially
available collagen based membranes, such as Jason® or Collprotect®,
which present in the dry state a Young's Modulus of 178.9 and
158.5 MPa, respectively [68]. H. Cao et al. [30] reported values from
500 to 3000 MPa for electrospun regenerated SF mats of Bombyx mori
silkworm. However, previous to electrospinning, SF solutions were
concentrated to 16 wt% in a PEG solution, which adds complexity to the
processing methodology. A post-spin treatment with ethanol to induce a
conformational transition can also explain the higher modulus values
[30]. With this hydrogen bond rearrangement crystalline stacking of
the SF molecules occurs [37], increasing the modulus and the brittle-
ness. The absence of a post-electrospinning treatment to stabilize the
electrospun matrices is an important advantage of our processing
strategy as compared with most of the published studies, by reducing a
step and therefore simplifying the fabrication process. Despite the high
stability in water, when hydrated, the mechanical performance lowers
considerably. In a real scenario, we anticipate that the decrease of the
mechanical properties to values in the order of those herein obtained
will happen at a slower rate, due to the slower absorption of the sur-
rounding fluids. Moreover, the membrane will be constrained by the
tissue after implantation, which will help to confer some stability to it.
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Further in vivo studies will be important, therefore, in order to evaluate
the stability of these membranes after implantation. An effective way of
increasing the mechanical properties can be to control the orientation
of the fibers using specific patterns on the collector or to introduce
anisotropy in the spun matrices [69].

As described in literature [70], water vapor transmission is typically
evaluated in the context of skin healing and regeneration. For un-
covered human dermis wounds, it's around 4800 g/m?/24 h. The idea
in this case was to use this simple method to infer about the diffusion
capacity of the membranes when applied to the periodontal region.
Although the obtained values appear to be higher when comparing to
previous studies and with commercial polymer films [71], it is im-
portant to stress that water vapor transmission of the oral mucosa is
higher than the one of the dermis, which make the membranes suitable
to periodontal use.

4.3. In vitro cytotoxicity of SF/PEO nanofiber mats

Mesenchymal stem cells at the periodontal ligament are responsible
for the formation and remodeling of the cementum (cementoblasts),
bone (osteoblasts) and the connective tissue (fibroblasts) [72]. It has
been demonstrated that SF nonwoven meshes support the adhesion,
proliferation, and cell-cell interactions of a wide variety of human cell
types, including epithelial cells, endothelial cells, keratinocytes, os-
teoblasts and fibroblasts [73]. Damrongrungruang et al. [74] verified
the non-cytotoxicity of electrospun silkworm fibers by observing at-
tachment and proliferation of gingival fibroblasts at their surface. In our
study, hPDL fibroblasts were isolated and used for direct contact assays
on nanofiber mats produced from different SF/PEO formulations, which
were subjected to different sonication pre-treatment regimens. The re-
sults clearly demonstrated that the use of sonication pre-treatment and
low amounts of PEO originated the most suitable membranes for cell
studies, reflected by the improved cell adhesion, proliferation (higher
DNA levels) and metabolic activity. Both SEM and confocal images
showed what looks like an increase in cell density on the surface of the
membranes over time, corroborated by the previous quantitative bio-
logical assays. A less favorable outcome in all biological tests was ob-
tained for the membranes derived from the formulation using the
highest content of PEO, without sonication. Jin et al. have reported a
study on the response of human bone marrow stromal cells to SF/PEO
nanomats, in which the presence of PEO inhibited cell adhesion in the
first days of the study [35]. To overcome this effect, an additional step
was introduced, to extract PEO from the mats in water for 48 h at 37 °C
[35]. PEO is widely recognized as an anti-fouling material [75], which
is likely to be the underlying explanation for the observed results. At
low PEO concentrations, silk fibroin will have a dominant effect on the
adhesion mechanisms. However, when PEO concentration is increased
to 20%, its antifouling properties will have a more dominant effect,
inhibiting cell adhesion, most likely via steric repulsion events [75], as
succeed with our membranes.

The obtained results demonstrate that the use of controlled periods
of sonication treatment offers the possibility of producing nanofiber
membranes with adequate physical-chemical features and biological
response. This approach cuts down the level of complexity during
several processing steps and also the use of toxic solvents, which are
often the cause of cytotoxicity.

5. Conclusions

The present work constitutes a step forward towards the fabrication
of viable electrospun SF-based membranes for periodontal regenera-
tion. It has been demonstrated that it is possible to tune the viscosity of
SF solutions to achieve optimal processing conditions using a simple
sonication step prior to the electrospinning process, as a way to render
water stability, minimizing the amount of synthetic polymer without
compromising the mechanical performance, expected for the
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envisioned periodontal application. On the other hand, lowering the
amount of synthetic polymer through ultrasonication had a positive
impact on the resulting biological performance, with a marked increase
in cell proliferation. Silk-based materials have only recently been con-
sidered for the dental field. This work clearly demonstrates the poten-
tial of electrospun SF-based matrices for GTR in periodontal applica-
tions.
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