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lytetrafluoroethylene nanofibrous
membranes for guided bone regeneration

Jin-Young Park,a Jung-Hee Lee,a Chun-Ho Kimb and Young-Jin Kim *a

In this study, we first prepared the precursor polytetrafluoroethylene (PTFE)/poly(ethylene oxide) (PEO)

nanofibrous membranes by electrospinning with different PTFE/PEO weight ratios. These membranes

exhibited three-dimensional interconnected pore structures. The average diameter of the precursor

nanofibres decreased with increased PTFE contents from 633 � 34 nm (PTFE/PEO weight ratio of 5 : 1)

to 555 � 63 nm (PTFE/PEO weight ratio of 7 : 1) because of the decrease in solution viscosity. Then, the

precursor membranes were sintered with different temperatures to obtain the PTFE nanofibrous

membranes, resulting in the average diameter of the nanofibres increasing from 633 � 34 nm to 947 �
78 nm with the increase in sintering temperature; consequently, the membrane became more compact.

This compaction caused a decrease in porosity from 76.5 � 2.9% to 69.1 � 2.6% and an increase in

water contact angle from 94.1 � 4.2� to 143.3 � 3.5�. In addition, the mechanical properties of the PTFE

nanofibrous membranes increased with increasing sintering temperature. Cytocompatibility test results

revealed that the PTFE350 membrane, which was sintered at 350 �C, promoted the proliferation and

differentiation of MC3T3-E1 cells more rapidly than other membrane types. These results suggested that

the PTFE nanofibrous membranes could be ideal biomaterials in tissue engineering for bone regeneration.
1 Introduction

Guided bone regeneration (GBR) is a common therapy used for
the treatment of lesions in the alveolar bone or the mandible
caused by infections or trauma. The principle underlying the
GBR treatment is the use of a membrane to create a secluded
space in the defect site and prevent faster-growing connective
tissue from migration into the defect site which favours the
proliferation of bone-forming cells, resulting in new bone
formation. Therefore, this membrane is expected to have
a three-dimensional (3D) structure which can be structurally
and mechanically equivalent to the neighbouring tissue.1 It
should also have suitable biocompatibility to support cell
growth and tissue reconstruction.2 Moreover, the membrane
should have an interconnecting porous microarchitecture,
which can act as a physical ow path to enable efficient trans-
port of nutrients, oxygen and metabolic waste in the whole
region of the membrane.1

To fabricate biomedical membranes with desirable proper-
ties, various methods such as phase separation, solid freeform
fabrication and electrospinning have been used.1,3,4 Among
those methods, electrospinning is an attractive method owing
to its simplicity, versatility, and ability to produce a variety of
gu Catholic University, Gyeongsan 38430,
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hemistry 2018
polymer nanobres. Electrospun polymer nanobres have
unique advantages in biomedical elds by providing porous
structures which mimic the features of extracellular matrix;
thus, they have been widely used as drug carriers and tissue
engineering scaffolds.3,5,6

Polytetrauoroethylene (PTFE) has many remarkable char-
acteristics that include outstanding thermal and chemical
stability, high fracture toughness, low surface friction and
biocompatibility.7 These features are due to the low surface
energy and the strong carbon–carbon and carbon–uorine
bonds as well as the high degree of crystallinity, which in turn
make PTFE an excellent candidate in medical applications such
as a vascular gra and GBR membrane.8–10 Particularly, the
porous PTFE membranes have shown good biocompatibility
and excellent support of the structural integrity of the defect
sites during healing, leading to positive results in experimental
studies and clinical GBR procedures.8,9

The porous PTFE membranes have been prepared through
many procedures including blending, jet-blowing and thermo-
mechanical stretching.7,11,12 The extent of PTFE membrane
processing was limited due to the lack of common solvents and
high melt viscosity. Nonetheless, PTFE membranes are usually
manufactured by thermo-mechanical stretching.7 However, this
method includes processing steps of PTFE mixing with much
lubricant, billet formation and extrusion, resulting in consid-
erable environmental pollution by lubricant.7,13 Therefore, in
this study, we offered an alternative route that would be more
environmentally friendly. PTFE nanobrous membranes were
RSC Adv., 2018, 8, 34359–34369 | 34359
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fabricated by sintering the previously electrospun PTFE/
poly(ethylene oxide) (PEO) nanobrous membranes. We
systematically examined the effects of PTFE/PEO weight ratios
and the sintering temperatures on the structure and physico-
chemical properties of the PTFE nanobrous membranes ob-
tained. In addition, the cytocompatibility of the resulting PTFE
membranes was evaluated through assays of the cell prolifera-
tion and differentiation and the bone mineralisation.

2 Materials and methods
2.1 Materials

Polytetrauoroethylene (PTFE, 60 wt% dispersion in water),
poly(ethylene oxide) (PEO, Mv ¼ 600 000 g mol�1), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT),
alizarin red S (ARS), cetylpyridinium chloride and lipopolysac-
charide (LPS) were purchased from Sigma-Aldrich Co. and were
used without further purication. The mouse calvaria pre-
osteoblast cell line (MC3T3-E1) was obtained from the American
Type Culture Collection (ATCC, USA). Alpha minimum essential
medium (a-MEM), Dulbecco's modied Eagle's medium
(DMEM), fetal bovine serum (FBS), penicillin–streptomycin and
Dulbecco's phosphate-buffered saline (DPBS, pH 7.4) were ob-
tained from Gibco BRL (USA). The QuantiChrom™ alkaline
phosphatase (ALP) assay kit (DALP-250) was purchased from
BioAssay Systems (USA). Mouse osteocalcin enzyme-linked
immunosorbent assay (ELISA) kits were purchased from
MyBioSource (USA). The other reagents and solvents were ob-
tained from commercial sources and were used as received.

2.2 Fabrication of PTFE nanobrous membranes

The electrospinning setup utilised in this study consisted of
a syringe and needle (ID ¼ 0.41 mm), a ground electrode, and
a high voltage supply (Chungpa EMT Co., Korea). The needle
was connected to the high voltage supply, which could generate
positive DC voltages up to 40 kV. Before electrospinning PTFE/
PEO precursor membranes, a mixture of aqueous PTFE
dispersion and PEO was dissolved in deionised water to obtain
a concentration of 20 wt% solution, in which PEO was used as
a binder for improving electrospinnability. We varied the weight
ratios of PTFE and PEO as 5 : 1, 6 : 1 and 7 : 1. This solution was
then electrospun under the conditions of a 1.5 mL h�1 feed rate,
17 kV voltage and 12 cm working distance. All experiments were
carried out at room temperature and below 60% RH. Aer
electrospinning, the precursor membranes were dried at 40 �C
for 12 h and subsequently sintered at 200 �C or 350 �C for
30 min at a heating rate of 2 �C min�1 to obtain the different
membranes. The sintering process was conducted to remove
PEO for fabricating pure PTFE nanobrous membranes.

2.3 Characterisation of PTFE nanobrous membranes

Field-emission scanning electronic microscopy (FE-SEM, JSM-
6335F, JEOL, Japan) images were recorded at an acceleration
voltage of 5 kV to examine the morphologies of the PTFE
nanobrous membranes. Before SEM observation, all samples
were coated with gold by low-vacuum sputter coating for 2 min.
34360 | RSC Adv., 2018, 8, 34359–34369
The average diameters of the nanobres were determined by
analysing the SEM images with Image-Pro Plus (Media Cyber-
netics Inc., USA). An ALPHA spectrometer (Bruker Optics, USA)
was used to record the attenuated total reectance Fourier
transform infrared (ATR-FTIR) spectra at wavenumbers ranging
from 400 cm�1 to 4000 cm�1 with a spectral resolution of
4 cm�1. X-ray diffraction (XRD) patterns were recorded using
a Panalytical X'Pert Pro X-ray diffractometer (The Netherlands)
equipped with Cu Ka radiation operated at 40 kV and 30 mA to
examine the crystalline phases of the PTFE nanobrous
membranes. The samples were scanned at a 2q range of 10� to
50� at a rate of 2� min�1. The surface chemical compositions of
the samples were analysed by X-ray photoelectron spectroscopy
(XPS) measurements acquired with a Quantera SXM (ULVAC-
PHI Inc., Japan). The incident X-ray used was monochromated
Al Ka radiation (1486 eV). Survey scans were recorded at a take-
off angle of 45� relative to the sample surface. A contact angle
meter (DSA 100, KRÜSS, Germany) was used to measure the
contact angle between the water and the external surface of the
membrane so as to evaluate the membrane hydrophobicity. To
minimise experimental error, the contact angles of each sample
were measured ve times and then averaged. A mercury
porosimeter (AutoPore IV 9520, Micrometrics Instrument Corp.,
USA) was used to measure the porosity of the membranes. The
porosity was dened as the volume of the pores divided by the
total volume of the porous membrane. The thermal stability of
the membrane was evaluated by thermogravimetric analysis
(TGA, Q500, TA Instruments, USA). Aer drying all the samples
under vacuum at 40 �C for 24 h, TGA measurement was carried
out under a nitrogen atmosphere at a heating rate of
10 �C min�1 from 30 �C to 800 �C. The mechanical strengths of
the membranes were assessed with a universal testing system
(TO-101, Testone Co., Republic of Korea) using a force load cell
of 10 kN capacity. Strip-shaped specimens (5 cm � 1 cm) were
tested 5 times for each sample at a loading speed of 1.0
mm min�1.

2.4 Degradation of PTFE nanobrous membranes

The PTFE nanobrous membranes were cut into a size of 3 cm
� 3 cm and immersed into DPBS at 37 �C for 3 days to examine
their degradation behaviour. This experimental condition was
selected to simulate the membrane in a real physiological
condition for a biomedical application such as GBR. Aer 3
days, the samples were washed and subsequently dried in
a vacuum oven at room temperature for 24 h. The morpholog-
ical changes of the membranes were observed using SEM.

2.5 Cell proliferation assay

A cell viability assay of the MC3T3-E1 cells was employed to
examine the in vitro cytotoxicity of the PTFE nanobrous
membranes. All the cultures were prepared in a-MEM supple-
mented with 10% of FBS and 5% of penicillin–streptomycin.
The cells were incubated at 37 �C under humidied 5% CO2.
When the cells reached 80% conuence, they were harvested
using 0.25% trypsin–EDTA and seeded into a new tissue culture
plate for subculture.
This journal is © The Royal Society of Chemistry 2018
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Cell proliferation on the PTFE nanobrous membranes was
investigated using the MTT assay. Prior to cell seeding, the
membranes were sterilised with 70% ethanol and UV radiation for
3 h and then rinsed each membrane 5 times with DPBS and
culture medium. Further, the MC3T3-E1 cells (5 � 104 cells per
well) were seeded onto the sterilizedmembranes in a 24 well tissue
culture plate and cultured for 1, 3, 5 and 7 days at 37 �C. To
evaluate the cell proliferation, 0.2 mL of the MTT solution (5 mg
mL�1 in DPBS) was added to the cultured cells, followed by further
incubation at 37 �C for 4 h. Aer removing the remainingmedium,
1 mL of DMSO was added into each well to solubilise the precip-
itate. Next, 0.2 mL of the obtained supernatant was transferred
into a 96 well microplate, and the optical density, which is
proportional to the number of viable cells, was measured at
570 nm using a microplate reader (OPSYS-MR, Dynex Technology
Inc., USA). To conrm the cell viability on the PTFE nanobrous
membranes, the interactions between the MC3T3-E1 cells and the
membranes were observed using SEM. The cultured cells for 1, 3, 5
and 7 days were gently rinsed with DPBS and xed in 4% glutar-
aldehyde for 1 h at room temperature. Aer washing with DPBS,
the cells were dehydrated using a graded series of ethanol (25%,
50%, 70% and 100%). The samples were subjected to critical
desiccation, followed by coating with gold for SEM observations.

2.6 Cell differentiation and bone mineralisation assay

As an early indicator of osteoblastic differentiation of the
MC3T3-E1 cells during culturing on the PTFE nanobrous
membranes, ALP activity was determined using ALP assay kits.
Aer culturing for 3, 5, 7 and 14 days in a-MEM supplemented
with 10% of FBS, the cell layer was harvested and treated with
0.2% Triton X-100 cell lysis medium. The cell lysates were then
centrifuged at 5000 rpm for 10 min at 4 �C. The supernatant was
checked for ALP activity using p-nitrophenyl phosphate as the
substrate. The p-nitrophenol produced in the presence of ALP
was quantied from its absorbance at 405 nm. Osteocalcin,
a non-collagenous protein produced by mature osteoblasts
during late-stage osteoblastic differentiation, was determined
in the media using osteocalcin ELISA kits on days 3, 5, 7 and 14.
The absorbance related to the osteocalcin produced at 450 nm
was measured using a microplate reader.

Calcium mineralisation was determined by ARS staining of
the MC3T3-E1 cells in a 24 well tissue culture plate. ARS is a dye
that selectively binds to the calcium salts and thus usually used
for quantitative and qualitative detection of calcium mineral
deposition. The cells were cultured for 3, 5, 7 and 14 days and
then washed thrice with DPBS, before xing them in 70% cold
ethanol for 1 h. The ethanol-xed specimens were stained with
40 mM ARS (pH 4.2) for 30 min and washed thrice with
deionised water. For the quantitative assessment, the stain was
eluted with 10% cetylpyridinium chloride for 1 h. The absor-
bance of the solution was recorded at 540 nm using a micro-
plate reader.

2.7 Quantication of inammatory cytokine

The effect of the PTFE nanobrous membranes on the amount
released of the pro-inammatory factor interleukin-6 (IL-6) was
This journal is © The Royal Society of Chemistry 2018
determined using the murine macrophage cell line RAW 264.7
which was obtained from the Korean cell line bank (KCLB,
Korea). The RAW 264.7 cells were cultured in DMEM supple-
mented with 10% heat-inactivated FBS and antibiotic/
antimycotic in a humidied atmosphere under 5% CO2 at
37 �C. For the cytokine immunoassay, the cells (2� 104 cells per
well) were seeded on the nanobrous membranes in a 24 well
tissue culture plate and cultured for 24 h at 37 �C. Aer that, 1
mgmL�1 of LPS was added to the cell culture plate to activate the
cells for 24 h. The concentration of IL-6 was determined using
a commercial mouse enzyme-linked immunosorbent assay kit
(R&D Systems, USA). The kit was used according to the manu-
facture's specications.
2.8 Statistical analysis

All the data were expressed as means � standard deviation.
Statistical analyses were performed using one-way ANOVA with
Turkey test. Comparison of the different groups and signicant
difference were determined using SigmaPlot 13.0 (Systat So-
ware, CA) where p* < 0.05, p** < 0.01.
3 Results and discussion
3.1 Fabrication of PTFE nanobrous membranes

PTFE nanobrous membranes have been proven to be conve-
nient and effective in providing mechanical support and
osteoconductivity to the growing cells in bone regeneration.8,9

In this study, we rst prepared the precursor PTFE/PEO nano-
brous membranes by electrospinning with the PTFE/PEO
weight ratios of 5 : 1 (PTEO51), 6 : 1 (PTEO61) and 7 : 1
(PTEO71). In the electrospinning process, PEO is usually added
because of its good electrospinnability performance and
enables the formation of continuous bres.14 Moreover, PEO
allows for the processing using water as solvent, which may be
also suitable for dispersing PTFE. The SEM observations
revealed that the precursor membranes formed thoroughly
interconnected pore structures (Fig. 1). The average diameter of
the nanobres decreased with increasing PTFE contents, which
was 633 � 34 nm for PTEO51, 620 � 75 nm for PTEO61 and 555
� 63 nm for PTEO71. The use of aqueous PTFE dispersion
having low viscosity reduced the solution viscosity from 4.15
Pa s to 1.54 Pa s. The solution viscosity inuenced the
morphological structure and average diameter of the nano-
bres, whereby a higher viscosity increased the nanobre's
diameter.15 In addition, PTEO51 exhibited a more uniform
nanobre formation than the other prepared membranes.

For the preparation of PTFE nanobrous membranes, the
PTEO51 precursor membrane was used to examine the heating
rate during the sintering treatment. When the membranes were
sintered at 350 �C for 30min at heating rates of 10 �Cmin�1 and
20 �C min�1, the precursor membranes were signicantly
shrunk due to the PTFE melting (Fig. 2). The nanobres were
enormously fused and stuck together under these conditions,
resulting in the disappearing of the membrane pores. However,
as the heating rate decreased, the melted PTFE could easily ll
the cavities which were vacated by the decomposition of PEO.16
RSC Adv., 2018, 8, 34359–34369 | 34361
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Fig. 1 SEM micrographs of (a) PTEO51, (b) PTEO61 and (c) PTEO71 nanofibrous membranes. (d) Average fibre diameters of nanofibrous
membranes determined by analyzing the SEM images using image analysis method (n ¼ 4).
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Therefore, during the sintering treatment at a heating rate of
2 �Cmin�1, the nanobre shape and the membrane shape were
almost maintained, although the membranes were a little
shrunk. Accordingly, this heating rate was used in the following
experiment.

To obtain the PTFE nanobrous membranes with good
biocompatibility, the sintering temperature of the PTEO51
Fig. 2 (a) Digital and (b) SEM images of the PTFE nanofibrous membrane
rates.

34362 | RSC Adv., 2018, 8, 34359–34369
precursor membrane was also assessed at 200 �C (PTFE200) and
350 �C (PTFE350). All the samples prepared at different sinter-
ing temperatures exhibited an interconnected nanobrous
network (Fig. 3). Aer sintering at 200 �C, the shrinkage of
membrane was hardly observed whereas unmelted PTFE parti-
cles were still observed in the PTFE200 membrane. However,
increasing the sintering temperature to 350 �C induced further
s before and after sintering at 350 �C for 30 min with different heating

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 SEM micrographs of (a) PTEO51, (b) PTFE200 and (c) PTFE350 nanofibrous membranes. (d) Average fibre diameters of nanofibrous
membranes determined by analyzing the SEM images using image analysis method (n ¼ 4, p* < 0.05).

Table 1 Porosity and contact angle of the nanofibrous membranes

Sample Porosity (%) Contact angle (�)

PTEO51 76.5 � 2.9 94.1 � 4.2
PTFE200 75.5 � 3.1 133.9 � 3.9
PTFE350 69.1 � 2.6 143.3 � 3.5

Fig. 4 (a) ATR-FTIR and (b) XRD spectra of PTEO51, PTFE200 and PTFE

This journal is © The Royal Society of Chemistry 2018
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melting of these PTFE particles which was accompanied by the
decomposition of PEO, leading to an increase in the average
diameter of nanobres from 633 � 34 nm to 947 � 78 nm;
hence, the membrane more closely packed. This compaction
caused the decrease in PTFE350 porosity and the increase in
water contact angle (Table 1).
350 nanofibrous membranes.

RSC Adv., 2018, 8, 34359–34369 | 34363
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Fig. 5 (a) XPS survey scan spectra of the nanofibrousmembranes and high-resolution XPS C 1s spectra with peak deconvolutions for (b) PTEO51,
(c) PTFE200 and (d) PTFE350 nanofibrous membranes.
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3.2 Physicochemical properties of PTFE nanobrous
membranes

ATR-FTIR analysis was carried out to identify the functional
groups of the PTFE nanobrous membranes which in turn
provided information about the constitution and phase
composition of the products. Absorption bands were observed
at 2878 cm�1, 1464 cm�1 and 1345 cm�1 in the spectrum of
PTEO51corresponding to the stretching, bending and wagging
vibration modes of the CH2 groups present in PEO, respec-
tively.17 The two bands observed at 1097 cm�1 and 958 cm�1

corresponded to the C–O–C stretching and the CH2 rocking
modes in PEO (Fig. 4a). PTEO51 also exhibited absorption peaks
at 1195 cm�1, 1144 cm�1 and 635 cm�1, corresponding to the
Table 2 Fractions of the carbon functional groups in high-resolution C

Sample
C–C (%)
(284.6 eV)

C–O–C (%)
(286.1 eV)

C–CF
(286.6

PTEO51 23.0 43.3 14.4
PTFE200 7.3 12.7 34.3
PTFE350 — — 6.7

34364 | RSC Adv., 2018, 8, 34359–34369
stretching and wagging vibrations of the CF bonds in PTFE,
respectively.16 The characteristic peaks at 552 cm�1 and
504 cm�1 corresponded to the bending and rocking modes of
the CF bonds. By increasing the sintering temperature (i.e. 350
�C) that consequently decreased the PEO content, the intensity
of the PTFE peaks became stronger while the PEO peaks dis-
appeared in the PTFE350 spectrum.

XRD patterns were recorded to examine the crystalline pha-
ses of the PTFE nanobrous membranes (Fig. 4b). The XRD
pattern of PTEO51 precursor membrane showed peaks attrib-
uted to the PEO crystalline phase at 16.8� and 25.5�, which were
indexed to the (120) and (112) planes, respectively.17 In addition,
diffraction peaks ascribed to the PTFE crystalline phase were
1s XPS peaks

(%)
eV)

CF (%)
(288.8 eV)

CF2 (%)
(291.7 eV)

CF3 (%)
(292.5 eV)

2.8 16.7 —
1.1 44.5 0.1
3.9 60.5 28.9

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 TGA curves of the PTFE nanofibrous membranes.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
O

ct
ob

er
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

0/
21

/2
02

5 
7:

24
:2

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
observed at 18.3�, 31.8� and 37.1�; these peaks corresponded to
the (100), (110) and (107) planes, respectively.18 The PTFE200
membrane sintered at 200 �C still exhibited diffraction peaks
due to the PEO and PTFE crystalline phases. However, the
PTFE350 membrane sintered at 350 �C exhibited peaks ascribed
to the PTFE crystalline phase only.

The chemical composition of the PTFE nanobrous
membranes was determined by XPS. The XPS survey scan
spectrum of PTEO51 comprised ve separated peaks assigned
to PEO and PTFE: F 1s (692 eV), O 1s (534 eV), C 1s (292 eV), F 2s
(36 eV) and F 2p (12 eV) (Fig. 5a). Meanwhile, O 1s peak
attributed to PEO completely disappeared aer sintering at
350 �C which was in agreement with the ATR-FTIR results.
Additionally, the high-resolution XPS C 1s spectra were decon-
voluted using a curve tting technique to obtain insights into
the chemical bonds present on the surface of the nanobrous
membranes. Fig. 5b shows that the C 1s peaks of PTEO51 were
decomposed into ve components, and the fractions of the
different carbon functional groups are given in Table 2, i.e.
a peak at 284.6 eV corresponded to the C–C bond, a peak at
286.1 eV corresponded to the C–O–C bond, a peak at 286.6 eV
corresponded to the C–CF bond, a peak at 288.8 eV corre-
sponded to the CF bond, and a peak at 291.7 eV corresponded to
the CF2 bond.19 The areas of the C 1s peaks for the C–C and
C–O–C bonds decreased with an increasing sintering tempera-
ture (attributed to the decomposition of the PEO residues),
whereas those values assigned to the C–CF, CF, CF2 and CF3
bonds increased with the sintering treatment (Table 2).

The thermal properties of the PTFE nanobrous membranes
were investigated by TGA under a nitrogen atmosphere at
a heating rate of 10 �Cmin�1. Fig. 6 shows the typical TGA curve
Table 3 Mechanical properties of the nanofibrous membranes

Sample Young's modulus (MPa)

PTEO51 3.11 � 0.27
PTFE200 0.10 � 0.05
PTFE350 8.15 � 0.61

This journal is © The Royal Society of Chemistry 2018
where the amount of weight loss was plotted against the
temperature. PTEO51 precursor membrane exhibited a pattern
of weight loss that consisted of two main stages. The rst stage
of weight loss was observed over the temperature ranging from
160 �C to 430 �C. This stage mainly was attributed to the
decomposition of PEO.20 Then, the second stage of weight loss
in the temperature range of 480–620 �C was possibly due to the
decomposition of PTFE. However, PTFE350 did not exhibit
weight loss in the rst stage due to the decomposition of PEO
residues, whereas PTFE200 exhibited a slight weight loss in the
rst stage because of some undecomposed PEO residues. This
result was also in good agreement with the results of ATR-FTIR
and XPS analyses.

The mechanical property of GBR membrane is very impor-
tant, as it needs to provide a biomechanical prole for the cells
before new tissue is formed. Therefore, the mechanical prop-
erties of the nanobrous membranes were measured. Based on
the strain–stress measurements of these membranes, tensile
strength, Young's modulus and elongation at break were sum-
marised in Table 3. The results revealed a correlation with the
sintering temperature, meaning that both the tensile strength
and Young's modulus were enhanced with increasing the sin-
tering temperature. PTFE350 exhibited signicantly enhanced
mechanical strength compared with that of PTEO51 precursor
membrane but PTFE200 exhibited very low mechanical
strength. This is attributable to the compaction of membrane by
melting of PTFE particles aer sintering at 350 �C as previously
described.
3.3 Cell proliferation

The in vitro cytotoxicity of the PTFE nanobrous membranes
was evaluated for assessing their potential as biomedical
materials. The proliferation of the mouse calvaria pre-
osteoblasts (MC3T3-E1) on the PTFE nanobrous membranes
were assessed using the MTT assay. The time-dependent
changes in the cellular behaviour were observed for all the
investigated samples (Fig. 7). Differences in the chemical
composition of the membrane surface affected the cellular
activities. The MC3T3-E1 cells proliferated more rapidly on
PTFE350 than on PTFE200 at all tested time points. These
results were related to the degradation of the nanobrous
membranes in the latter membrane, indicating that the cells
were probably detached from the surface of PTFE200.

The degradation rate of the polymer membranes could
inuence the response of the biological system toward them. To
assess the degradation behaviour of the PTFE nanobrous
membranes, they were incubated in DPBS at 37 �C for 3 days.
The morphological changes of the nanobrous membranes
were observed by SEM. As expected, the morphological change
Tensile strength (MPa) Elongation at break (%)

0.83 � 0.14 380.5 � 40.9
0.03 � 0.01 18.1 � 3.4
2.38 � 0.44 135.3 � 16.2
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Fig. 7 Cell proliferation as a function of culture time for the MC3T3-E1
cells incubated on the nanofibrous membranes (n¼ 5, p* < 0.05, p** <
0.01).
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in PTFE350 was not observed, whereas PTFE200 exhibited
a signicant morphological change (Fig. 8). PEO was easily
dissolved in water, and thus, the degradability of PTFE200 was
increased by the amount of undecomposed PEO residues. As
a result, the proliferation of MC3T3-E1 cells was affected by the
degradation rate of the nanobrous membranes.
Fig. 8 Morphological changes of (a) PTFE200 and (b) PTFE350 nanofibr

34366 | RSC Adv., 2018, 8, 34359–34369
SEM was employed to observe the interactions between the
cells and the membranes to conrm the cell viability on the
PTFE nanobrous membranes (Fig. 9). The cell proliferation
increased in a time-dependent manner for all the samples,
indicating good biocompatibility of the substrates. However,
aer culturing for 7 days, the highest number cells were found
to spread over most of the PTFE350 surface. This result was
consistent with that obtained from the MTT assay.

3.4 Cell differentiation and bone mineralisation

ALP is a key component of the bone matrix vesicles that catal-
yses the cleavage of organic phosphate esters. ALP plays
a signicant role in the formation of bone mineral, and is an
early indicator of immature osteoblast activity.1,6 The ALP
activity is also a marker of early osteoblastic differentiation.
Thus, the ALP activity was evaluated to examine the ability of the
PTFE nanobrous membranes to promote osteoblastic differ-
entiation. The value of PTFE350 was normalised to the value of
blank tissue culture plate (TCP) aer culturing for 3 days by
setting TCP as a control (100%). Results revealed that the cells
seeded on PTFE350 expressed higher ALP activity than that
seeded on PTFE200 at all time points (Fig. 10a). However,
because the ALP activity, which represents an early-stage
marker of osteoblastic differentiation, is nonspecic to osteo-
blastic differentiation, a late-stage indicator such as osteocalcin
expression should be evaluated to conrm the actual cell
ous membranes after immersion in DPBS for 3 days.

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 SEM micrographs of the MC3T3-E1 cells grown on (a) PTFE200 and (b) PTFE350 nanofibrous membranes for different durations.
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phenotype. Fig. 10b shows the osteocalcin secretion detected in
cell culture media for each sample, as measured by ELISA, and
normalised to the value of blank TCP aer culturing for 3 days
by setting TCP as a control (100%). Results revealed that
osteocalcin secretion increases in a time-dependent manner in
all samples. PTFE350 exhibited higher osteocalcin expression
than PTFE200 at all time points.

Upon osteoblastic differentiation, the cells enter into the
mineralisation phase to deposit the mineralised extracellular
matrix. The capacity of the cells to deposit minerals is a market
for osteogenic efficiency and can be monitored by ARS staining
of the cells cultured on different membranes.6 The absorbance
of ARS extracted from the stained PTFE nanobrous
membranes (i.e. PTFE200 and PTFE350) during the incubation
time was measured and normalised to the value of blank TCP
aer culturing for 3 days by setting TCP as a control (100%).
These normalised values were used to assess the calcium
deposition on the PTFE nanobrous membranes. The calcium
deposition on PTFE200 and PTFE350 for 5 days was similar to
Fig. 10 (a) ALP activity and (b) osteocalcin as a function of culture time fo
4). The value of TCP after culturing for 3 days was set as a control (100%

This journal is © The Royal Society of Chemistry 2018
each other (Fig. 11). However, the calcium deposition on
PTFE350 for 14 days was signicantly higher than that on
PTFE200. These results indicated that the chemical composi-
tion and surface characteristics of the membranes signicantly
affected the MC3T3-E1 cells in the osteoblastic differentiation
and bone mineralisation.
3.5 Quantication of inammatory cytokine

Cytokines play a major role in the immune response, but have
also been reported to be involved in bone metabolism.19 A
variety of inammatory molecules, such as IL-1b, IL-6, and IL-
17, promote osteoclastogenesis synergistically with the
receptor activator of nuclear factor kappa-B ligand to induce
pathological bone resorption in inammatory settings.21 In
addition, IL-6 demonstrates a retroactive mechanism whereby it
can induce both phases of bone formation and bone resorption
depending on the microenvironment. Most of all, a signicant
release of IL-6 can reduce cell viability and induce histological
r MC3T3-E1 cells incubated on the PTFE nanofibrous membranes (n ¼
) (p* < 0.05).

RSC Adv., 2018, 8, 34359–34369 | 34367
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Fig. 12 Levels of IL-6 released from the RAW 264.7 cells after incu-
bation for 24 h on the PTFE nanofibrous membranes (n ¼ 5, p** <
0.01).

Fig. 11 Calcium deposition as a function of culture time for MC3T3-E1
cells incubated on the PTFE nanofibrousmembranes (n¼ 5). The value
of TCP after culturing for 3 days was set as a control (100%) (p* < 0.05).
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damage. Thus, the expression of IL-6 in our cell cultures was
analysed to assess the cytocompatibility of the PTFE nano-
brous membranes. PTFE200 stimulated the production of the
inammatory cytokine IL-6 considerably, meaning that it could
be contaminated easily by LPS which then could trigger
macrophage activation (Fig. 12). Additionally, PTFE200 con-
tained undecomposed PEO residues, and this impurity could
also induce the inammatory response to PTFE200. However,
when compared with PTFE200, the IL-6 expression in PTFE350
was remarkably reduced and nearly the same as the one in the
control TCP. Therefore, controlling the sintering temperature
was a crucial factor in reducing the IL-6 expression on the PTFE
nanobrous membranes.
4 Conclusions

Porous membranes for bone tissue engineering should possess
high porosity to accommodate a large number of cells, as well as
34368 | RSC Adv., 2018, 8, 34359–34369
fully interconnected pores to facilitate uniform distribution of
cells and the diffusion of oxygen and nutrients. In this study,
PTFE nanobrous membranes were fabricated as potential
scaffolds for bone regeneration by the combination of electro-
spinning and sintering. The resulting membranes exhibited
a porous morphology formed by the interlay of nanobres. The
sintering temperature signicantly affected the chemical
composition, surface characteristics and mechanical properties
of the membranes which eventually inuenced the cytotoxicity
of the PTFE nanobrous membranes. PTFE350 supported the
MC3T3-E1 proliferation and osteoblastic differentiation more
effectively than PTFE200. The results suggested that our simple
method for preparing PTFE nanobrous membranes could aid
in the development of new articial bone materials.
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