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ABSTRACT: Barrier membrane is an essential component in guided bone regeneration for successful bone augmentation
in implant dentistry. The microstructure of barrier membrane can remarkably impact its mechanical properties and
biological performances. This study was aimed to investigate the pore structures of a bi-layered porous polyethylene
(PPE) barrier membrane by 2D and 3D characterization techniques. Two opposite sides of PPE barrier membrane
were imaged with scanning electron microscope and micro-computed tomography (micro-CT). The 2D and 3D pore
characteristics were then analysed with associated software, respectively. Both techniques similarly showed that PPE
barrier membrane comprised two different structures including one with low porosity (smooth) and one with high
porosity (coarse) as designed. In 2D analysis, both surfaces possessed similar positively skewed distributions in pore
area and circle diameter. The smooth side had significantly smaller pore amount, pore density, surface porosity, pore
area, circle diameter, Feret diameter and aspect ratio, but larger roundness, circularity and solidity than the coarse side
(p < 0.05). In 3D analysis, the smooth side possessed significantly smaller pore diameter and volume porosity than the
coarse one (p < 0.05). No significant differences in strut thickness, specific surface area, connectivity density (Conn.D),
and degree of anisotropy (DA) were found between two layers (p > 0.05). The combination of 2D and 3D techniques
could be effectively employed to characterize the pore microstructure and morphology of PPE barrier membrane. The
limitations of each technique were also discussed.

KEYWORDS: bi-layered porous polyethylene membrane, guided bone regeneration, scanning electron microscopy,
micro-computed tomography, image analysis

INTRODUCTION volume due to the lack of internal loading, or

may even accelerate the bone resorption process

Partial and total edentulisms are common dysfunc-
tions following tooth extraction and loss in den-
tal practice. Conventional fixed and removable
dentures usually cannot preserve the alveolar bone

for inappropriate prosthetic loading®. The sequelae
will be narrow and flat alveolar ridges?. These at-
rophic ridges present huge challenges to ideal dental
implant placement and restoration, thus impairing
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implant function, prosthesis aesthetics, long-term
implant survival and success.

To repair the alveolar defects for ideal implant
placement and rehabilitation, multiple bone recon-
struction strategies have been intensively investi-
gated. Although no consensus exists on which one
is the most efficient, the guided bone regeneration
(GBR) technique is reported as a predictable one in
various defect scenarios (e.g., implant fenestration,
dehiscence, and even segmental defects)®. It can
efficiently regenerate the lost bone tissue with the
synergistic application of barrier membrane and
bone substitute.

In this technique, barrier membrane not only
mechanically protects blood clot, stabilizes bone
substitutes, creates and maintains space for new
bone formation within defects, but also biologically
isolates the fast-growing fibroblasts and connective
tissue from premature penetration into the created
space. Currently, various natural and synthetic
barrier materials, including bioabsorbable (e.g., col-
lagen, chitosan, alginate, aliphatic polyesters and
their co-polymers) and nonabsorbable (e.g., ti-
tanium, expanded/dense polytetrafluoroethylene),
have been extensively investigated for clinical appli-
cations, alone or in combination®>. Although some
disadvantages (e.g., premature wound dehiscence,
membrane exposure) remain, expanded polyte-
trafluoroethylene (e-PTFE) membrane is considered
as the gold standard for its superior space mainte-
nance and predictable bone regeneration potential,
especially for the intractable large and vertical alve-
olar defects. Besides the biocompatibility and tissue
integration, a barrier membrane should basically
possess appropriate cell occlusiveness, space main-
tenance and clinical maneuverability as well*>. The
layered barrier membrane with differential pore
sizes and porosities is believed to be a future trend
for mimicking bone structures and providing suit-
able mechanical properties®®. The acquisition of
these above properties is closely associated with the
two- and three-dimensional microstructural charac-
teristics of both pores and matrix of the membranes,
such as pore size, pore size distribution (PSD), pore
geometry, pore distribution, porosity, interconnec-
tivity, strut thickness, connectivity density (Conn.D)
and degree of anisotropy (DA). Hence accurate
characterization of these features is very helpful to
evaluate the membrane’s mechanical properties and
biological performances.

To date, a variety of techniques have been pro-
posed for characterizing porous microarchitectures
of bones, scaffolds and other biomaterials, including
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gravimetry, liquid displacement, permeability-based
method, mercury intrusion porosimetry (MIP),
histology, gas pycnometry, gas adsorption, scan-
ning electron microscopy (SEM) and confocal mi-
croscopy, etc. However, there is currently no well-
recognized standardization technique for architec-
tural characterization. They each have specific
indications, advantages and disadvantages”-8. For
instance, MIP is reliable for porous structure quan-
tification, but the stress sensitivity, toxicity and high
cost limit its wide use, especially in compressible
biomaterials. SEM can enable topological surface
characterization, but limits to provide 2D informa-
tion. Others may present their own disadvantages,
such as low accuracy, technique sensitivity, time-
consuming sample preparation, sample destruction
and high cost. With the rapid development of
advanced medical imaging, image analysis and com-
puter science, micro-computed tomography (micro-
CT) has been proposed to quantify the intricate
internal microarchitectures of bone, cardiovascular
tissues, scaffolds and other biomaterials for its un-
paralleled advantages®~!!. It can achieve quick non-
destructive three-dimensional imaging, reconstruc-
tion, segmentation, visualization and quantification
under the aid of sophisticated software without
prior sample preparation’ !, It can even simulate
the micromechanics by combining with finite ele-
ment method %13,

Polyethylene is one of the most commonly-used
polymeric biomaterials. It possesses good physic-
ochemical, mechanical and biological properties,
including bioinertness, volume stability, flexibility,
fatigue resistance, mechanical strength, and clinical
maneuverability'* !>, When fabricated as porous
form, porous polyethylene did not only demonstrate
biocompatibility, but also permitted fibrovascular-
ization and bone ingrowth %17, which offered ad-
vantages over non-porous implants in craniofacial,
oral and maxillofacial and plastic surgeries for tissue
repair and augmentation'”- 18, It was also employed
as bone graft containment for alveolar ridge preser-
vation'?. It was anticipated that porous polyethy-
lene could be applied as a barrier membrane in GBR
for repairing the intractable large and/or vertical
alveolar defects. A bi-layered porous polyethylene
(PPE) barrier membrane which contained both low-
and high-porosity sides in a single membrane was,
thus conceived and developed. This was based on
the formulation of porous polyethylene that was
previously developed by our group2®2!. In clinical
practice, the low-porosity surface would be placed
facing the mucoperiosteal flap for inhibiting prema-
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ture soft tissue penetration, while the high-porosity
one facing the bone defect for encouraging bone
ingrowth.

The aim of this study was to investigate the
pore structure characteristics within two sides of
the bi-layered PPE barrier membrane by using both
2D and 3D characterization techniques. The results
were anticipated to provide preliminary evidence to
validate the above assumptions, and to assess the
biological responses of this membrane in clinical
practice.

MATERIALS AND METHODS
Bi-layered PPE membrane preparation

Raw materials used were high-density polyethylene
(Thaizex 7000F, Bangkok Polyethylene Co., Thai-
land), maltodextrin (Shandong Duqing, Inc., China)
and polyvinyl alcohol (Sigma-Aldrich, USA). They
were mixed at a ratio of 70:20:10 w/w. Prior
to mixing, high-density polyethylene was grinded
into powders with a particle size of approximately
305 pm determined by a Mastersizer (Malvern In-
struments, UK). Other raw materials were supplied
in powder with particle size ranging 80-100 pm,
and used without further sieving. Bi-layered porous
polyethylene membrane specimens were fabricated
by a single step moulding technique. Briefly, 0.7 g
of mixture was loaded into a rectangular mould
with a cavity of 60 x 40 x 0.3 mm?, pressurized to
produce a differential pressure across the thickness
of the mould, and heated at 145 °C for 45 min using
a wet salt bed technique as reported elsewhere?2,
The mould was left to gradually cool down to room
temperature for 2 h. A membrane which contained
both low-porosity surface (designated smooth) and
high-porosity surface (designated coarse) in single
membrane was thus produced. Sample was taken
out of the mould and submerged in copious deion-
ized water for 24 h to leach out binders. Sonication
was activated at the first hour to enhance leaching.
They were then dried, packaged and sterilized by
ethylene oxide gas.

2D pore characterization

Three samples were captured at different zones with
a scanning electron microscope (S-3000N, Hitachi,
Japan) for each surface at a x40 magnification,
22.4 mm working distance and 20.0 kV after gold
sputtering. Three typical images were selected for
each sample, and loaded in IMAGEJ 1.51K (NIH,
USA) for topological and geometric analysis. The
measurement scale was first set, resulting in a
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rectangular viewfield of 3200 x 2400 um? in each
image. To achieve optimal image binarization, the
segmentation protocol was trialed and established:
a duplicate image was first converted into 8-bit
greyscale image, and then preprocessed through
sequential smoothening, sharpening and contrast
enhancement. It was then binarized into black fore-
ground (pores) and white background (polyethy-
lene matrix) by local thresholding. Serial advanced
morphological refinement operations, including it-
erative erosion and dilation, filling holes, and wa-
tershed, were performed to achieve as accurate
image segmentation as possible by combining image
histogram and visual estimation.

To understand additional pore characteristics,
a specific pore area cut-off of 7850 um?2, corre-
sponding to 100 pm in diameter of a perfect circle,
was set. Hence two ranges of pore area (0 um?-
infinity and 7850 um?- infinity) were utilized for
parallel 2D pore structure analysis. In IMAGEJ, pores
on image edges were excluded for analysis. The
circularity was set at 0-1. All the eligible pores could
be checked for fitting with an individual ellipse
with equivalent area and perimeter. The pore area,
pore amount on each image, surface porosity (area
fraction), Feret diameter, aspect ratio of best-fitting
ellipse, roundness, circularity, and solidity, could be
directly reported. To facilitate the comparison of
pore size between two surfaces, all eligible pores
were converted into the best-fitting perfect circles
with equivalent area. The diameter of the perfect
circle, also called circle diameter (d), was calculated
as d = 24/area/m, where area is the pore area.

To understand the pore distribution on image
surface, the pore density was calculated as the ratio
of the pore amount on each image reported in
IMAGEJ and the area of each image (3200 x 2400
um?).

3D pore characterization

PPE specimens (9.0 x 9.0 x 0.3 mm) were mounted
in a cylindrical sample holder. They were correctly
oriented in the tube centre, and imaged by a micro-
tomographic imaging system (uCT 35, Scanco Med-
ical, Switzerland). Specimens were imaged under
70 kVp and 114 pA with a voxel side length of
3 pm at a rotation rate of 1000 projections per
180°, and reconstructed with a modified Feldkamp
algorithm into 3D models. The integration time was
800 mS. Each specimen consisted of approximately
3000 x 3000 x 100 voxels.

A specific software package uCT Evaluation Pro-
gram V 6.5-1 (Scanco Medical, Switzerland) was
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Fig. 1 Schematic of overall, smooth and coarse VOIs vir-

tually defined in micro-CT software. The polymorphous
circles in thick and thin lines simply represented the pores
on the smooth and coarse surfaces of PPE membrane,
respectively. Their dimension, shape and density did
not necessarily represent the real pore size, geometry
and distribution. The interior pores were not illustrated
hereon.

utilized to manipulate the acquired 3D datasets.
A square region of interest (ROI) was contoured
on all included slices within the same XY coor-
dinates, and then interpolated between adjacent
slices into a volume of interest (VOI) representing
the whole sample model. The cuboid overall VOI
with a final dimension of 1072 x 1072 x 100 voxels
was thus virtually defined, containing smooth and
coarse surfaces. Then, the overall VOI was hori-
zontally hemi-sectioned into the upper and lower
VOIs with isometric base area, height, and volume
(1072 x 1072 x 50 voxels), containing smooth and
coarse surfaces on each. These VOIs were desig-
nated as overall, smooth and coarse ones, respec-
tively (Fig. 1). The upper and lower VOIs were
termed as smooth and coarse layers, respectively.
All the 3D images were first preprocessed to
reduce noise and enhance contrast using a 3 x 3 x 3
Gaussian filter, with the width and support set at 0.8
and 1.0, respectively. To segment solid polyethylene
matrix from pores, global thresholding was imple-
mented with optimal threshold set at 31/137 after
repeated trials by combining image histogram and
visual estimation. The 3D microstructural analysis
was conducted with direct 3D methods on a basis
of no structure model assumption using a special-
ized bone trabecular morphometry algorithm for
all the VOIs. The object surface and volume were
calculated from the surface meshes generated by
surface triangularization language using a specific
smoothing parameter. The average pore diameter
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and strut thickness, equivalent to trabecular sep-
aration and thickness in trabeculae, were directly
measured by, respectively, fitting maximal spheres
into pores and polyethylene struts as described?3.
The Conn.D and DA were also directly calculated.
The specific surface area was determined as the ratio
of solid matrix surface (BS) to total apparent volume
(TV). And the volume porosity was calculated as
the percent of the difference (also pore volume)
between TV and solid matrix volume (BV) then
divided by TV. They could be concisely expressed
as

o BS
Specific surface area = —,
vV

. TV—BV

Volume porosity (%) = ———— x 100,
vV

where all the above abbreviations were consis-
tent with the standardized nomenclature and sym-
bols for bone histomorphometry?*, and the current
guidelines for bone microstructure assessment using
micro-CT?.

Statistical analysis

Data analysis was performed with SPSS STATIS-
TicS 19.0 for Windows (SPSS Inc., USA). All
the 2D topological and geometric datasets were
examined with Kolmogorov-Smirnov test, validated
as skewed, and thus tested with Mann-Whitney U
test. The 2D pore amount, pore density and surface
porosity, and all six 3D microstructural datasets
were examined with Shapiro-Wilks test. They were
all validated as normally distributed, and tested
with independent sample ¢t test. Significance level
(alpha) was set at 0.05.

RESULTS
2D pore characterization

Topological characteristics

Eligible pores on two surfaces were successfully
identified, segmented, and best fitted with el-
lipses, and displayed at two pore area ranges
in Fig. 2. The 2D topological and geomet-
ric features of pores appeared different on two
surfaces: the smooth surface presented sparse
isolated or less-interconnected polygonal pores
among major continuous thick solid polyethylene
struts on a relatively flat plane, whereas the
coarse surface demonstrated tremendous open well-
interconnected polygonal pores among minor thin
struts on a rugged plane. On some of the pore
walls of two surfaces, especially on coarse ones, one
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Fig. 2 Representative SEM micrographs (A1, B1) original magnification x 40, segmented pores (A2, B2), best-fitting
ellipses with pore area ranging 0 um?- infinity (A3, B3) and 7850 um?- infinity (A4, B4) of smooth (A) and coarse (B)
surfaces of PPE membranes within IMAGEJ. The arrows in red, yellow and white indicated typical pores, pore openings

and interconnections, respectively.

or multiple circular or quasi-circular pore openings
could be found extending from one pore and inter-
connected with adjacent pores.

Pore size distribution

The pore size distribution calculated as pore area
and circle diameter on two surfaces in two pore area
ranges is shown in Fig. 3. With pore area ranging
0 um?- infinity, the vast majority of eligible pores
on two surfaces clustered at a pore area range of
0-30000 pm? and a corresponding circle diameter
range of 50-200 pm. With pore area ranging 7850
um?- infinity, the absolute numbers of remaining
pores on two surfaces dramatically decreased. The
pore area and circle diameter mainly lied within
7850-50 000 um? and 100-250 p.m, respectively.

Topological and geometric quantification

The results of all the topological and geometric
parameters of pores on smooth and coarse surfaces
at two area ranges were summarized in Table 1.
With pore area ranging 0 pm?- infinity, the to-
tal amounts of eligible pores on nine images of
smooth and coarse surfaces were 1644 and 2211,
respectively. There were significant differences in
all seven topological and geometric parameters be-
tween two surfaces (p < 0.05). The smooth surfaces
had significantly smaller median pore area, circle
diameter, Feret diameter and aspect ratio, but larger
roundness, circularity and solidity than the coarse

Table 1 2D topological and geometric characteristics of
pores of two surfaces at two area ranges (n = 9)!

Area range Parameter Surface Mean SD Ccv

Pore area” Smooth 6.8 7.7 113.0

(x10* um?) | Coarse  10.3 12.5 120.9

Circle diameter’ Smooth 84.8 39.0 46.0

(um) ~ Coarse 103.7 49.2 474

Feret diameter Smooth 111.7 55.3 49.5

(uwm) Coarse 136.1 67.0 49.2

0 - infinity ) Smooth 0.79 0.15 18.3
Round

(pm?) OUNCNES  Goarse 078 0.14  17.6

s . Smooth 0.83 0.08 10.1

Circularity Coarse  0.81 0.09 10.7

e Smooth 0.95 0.05 4.7

Solidity Coarse  0.94 005 4.8

. Smooth 1.31 0.29 223

Aspectratio  coarce 133 028 20.9

Pore area Smooth 16.7 104 62.2

(x10° um?)  Coarse  19.3 16.2 83.9

Circle diameter Smooth 140.9 37.5 26.6

(uwm) Coarse 148.5 51.2 34.5

Feret diameter Smooth 190.0 55.6 29.3

(um) Coarse 196.8 70.3 35.7

7850 — infinity ’ Smooth 0.68 0.13 19.3
Round

(um?) oundness - Goarse 071 013 185

. . Smooth 0.73 0.09 12.3

Clrcular:ty Coarse 0.74 0.09 123

L s Smooth 0.90 0.04 4.7

Solidity Coarse 091 004 4.6

. Smooth 1.54 0.34 22.3

Aspectratio  coace 146 031 21.0

™ SD = standard deviation; CV = (%) coefficient of vari-
ance; " statistically significant between two surfaces
(p < 0.05), two-tailed.

surfaces.

With pore area ranging 7850 um?- infinity, the
pores with an area below 7850 um? were excluded.
The total amounts of eligible pores on smooth and
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Fig. 3 Pore size distribution histograms in pore area (A) and circle diameter (B) on two surfaces of PPE membranes
with pore area ranging 0 um?- infinity (A1, B1) and 7850 um?- infinity (A2, B2). The bar height indicated absolute
number of pores, whose size lied between the range on the horizontal axis.

coarse surfaces dropped down to 404 and 862,
respectively. No significant differences in median
pore area, circle diameter and Feret diameter were
found between two surfaces (p > 0.05). There were
significant differences in the median pore round-
ness, circularity, solidity and aspect ratio between
two surfaces (p < 0.05). The smooth surfaces pos-
sessed significantly smaller pore roundness, circu-
larity, solidity, but larger aspect ratio than the coarse
surfaces.

The pore amount, pore density and surface
porosity of two surfaces at two area ranges were
presented in Table 2. Significant differences in all
three parameters were found between two surfaces
at two area ranges (p < 0.05). The smooth surfaces
had significantly smaller mean pore amount, pore
density and surface porosity than the coarse surfaces
at two area ranges.

www.scienceasia.org

Table 2 Pore amount, pore density and surface porosity
evaluated on two surfaces at two area ranges (n = 9)!

Area Range Parameter Surface Mean SD CV
Pore Amount” Smooth 182.7 58.8 32.2

(n) . Coarse 245.7 47.1 19.2

0 - infinity Pore Density Smooth 2.4 0.8 324
(umz) (x107° per umzk) Coarse 3.2 0.6 19.1
Surface Porosity’ Smooth 16.3 3.8 23.3

(%) Coarse 33.1 4.1 123

Pore Amount” Smooth 44.9 10.6 23.6

(m) B Coarse  95.8 7.8 8.1

7850 — infinity Pore Density Smooth 0.6 0.1 24.1

(um?) (x107> per um{) Coarse 1.3 0.1 8.0
Surface Porosity Smooth 9.8 2.5 25.9
(%) Coarse 24.1 4.6 18.8

T SD = standard deviation; CV = (%) coefficient of vari-
ance; ~ statistically significant between two surfaces
(p < 0.05), two-tailed.

3D pore characterization

Microstructural characteristics

The density of solid polyethylene matrix was much
higher than that of air (pores) in 2D projections,
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Fig. 4 Representative 2D axial tomographic projections from the smooth (A) and coarse (B) layers of PPE membrane.
Green squares outlined the ROIs. The differential content and distribution of polyethylene struts and pores were evident
in the zoomed ROIs on the upper right corner. Scale bar = 5.0 mm.

which made it possible to identify and segment
polyethylene matrix from pores. The content and
distribution of both polyethylene matrix struts and
pores appeared quite different on two layers: the
polyethylene matrix struts was more compact on
smooth layers than on coarse ones. The pores were
smaller and more homogeneous on smooth layers
than on coarse ones (Fig. 4).

With the aid of Scanco 3D image analysis soft-
ware, all the PPE membrane models could be vir-
tually segmented into two independent but comple-
mentary 3D image datasets for polyethylene matrix
and pores, respectively. To quantify the dimension
of polyethylene struts and pores, the greyscale seg-
mented 3D images (Figs. 5 and 6: Al, A2, A4,
A6, B1, B2, B4, and B6) were converted into the
thickness maps and separation maps (Figs. 5 and 6:
A3, A5, B3, and B5).

In both segmented images and thickness maps
of polyethylene matrix, the superficial struts were
indicated as high brightness area, whereas the
pores were inversely hidden as low brightness
area. The smooth layer mainly consisted of
bright compact strut networks, homogeneous fine
less-interconnected pores within the models, and
few large depression-like pore artefacts across the
model boundaries. The coarse layer consisted of
sparser strut networks, fewer homogeneous fine
well-interconnected pores within the models, and
increasing evenly-distributed large depression-like
pore artefacts across the model boundaries. Large

pore artefacts could penetrate into various depths,
and could even perforate through the entire layer,
thus forming the perforating throats across the mod-
els. This was especially prominent in the coarse
layers. The thickness maps indicated that the max-
imum strut thicknesses in smooth layer (range 48-
72 pm) were generally larger than those in coarse
layer (range 42-54 pm) in all three samples (not
all data shown). The distribution of strut dimension
was generally homogeneous in both layers (Fig. 5).

In contrast, the superficial pores and pore
artefacts were indicated as high brightness area,
whereas the polyethylene struts were hidden as
low brightness area in the segmented pore images
and separation maps. The smooth layer mainly
consisted of well-interconnected struts and pores,
and several large isolated pore artefacts, while the
coarse layer mainly consisted of well-interconnected
pores and pore artefacts, and sparse struts. The
fine pores became sparser; and the large pore arte-
facts became larger and more intensive from the
smooth layer to the coarse layer. Occasionally, a
few small perforating channels could be observed
in the top and upwards views of two layers, in-
dicating the presence of trans-membrane straight
struts perpendicular to membrane surfaces. The
separation maps revealed that the maximum pore
diameters in smooth layer (range 51-66 pm) were
generally smaller than those in coarse one (range
72-81 um) (not all data shown). However, the pore
diameter distribution was heterogeneous across the
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Fig. 5 Representative 3D segmented images and thickness maps of polyethylene matrix of smooth (A) and coarse (B)
layers at different views: (A1, B1) oblique top view of two layers, (A2, B2) top view of two layers, (A3, B3) top view
of thickness maps of two layers, (A4, B4) upwards view of two layers, (A5, B5) upwards view of thickness maps of
two layers, and (A6, B6) cross-sectional view of two layers. The low-brightness depressions on both surfaces outlined
typical pore artefacts and perforating throats. Scale bar = 1.0 mm.

Fig. 6 Representative 3D segmented pores and separation maps of smooth (A) and coarse (B) layers at different views:
(A1, B1) oblique top view of two layers, (A2, B2) top view of two layers, (A3, B3) top view of separation maps of
two layers, (A4, B4) upwards view of two layers, (A5, B5) upwards view of separation maps of two layers, and (A6,
B6) cross-sectional view of two layers. The blue spiculate spots through both surfaces indicated typical trans-membrane
straight struts. Scale bar = 1.0 mm.

membrane (Fig. 6). DISCUSSION

The combination of SEM images and image analysis
made the quantification of 2D pore size, pore size

Morphometric quantification
distribution, and pore geometry possible and effi-

The results of six 3D microstructural parameters of
two membrane layers were summarized in Table 3.
There were significant differences in pore diameter
and volume porosity between two layers (p < 0.05).
The smooth layers had significantly smaller pore
diameter and volume porosity than the coarse lay-
ers. However, no significant differences in strut
thickness, specific surface area, Conn.D and DA
were found between two layers (p > 0.05).

www.scienceasia.org

cient. 2D pore characterization by using SEM im-
ages could only provide two-dimensional greyscale
image, partially show the internal sample structure
but not completely sections, and thus might under-
estimate the pore size?°. Various image analysis
programs may have inconsistent results in quanti-
fying image features for various reasons, such as
different programming languages, theoretical for-
mulae, algorithmic implementations, input parame-
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Table 3 3D microstructural parameters of both layers of
PPE membranes measured by micro-CT (n = 3)1

Parameter Layer Mean SD cv
Pore diameter” Smooth 21.6 1.6 7.4
(um) Coarse 30.0 1.4 4.7
Volume porosity” Smooth 41.3 7.5 18.2
(%) Coarse 61.0 2.5 4.1
Strut thickness Smooth 24.7 5.1 20.6
(um) Coarse 20.4 1.3 6.4
Specific surface area  Smooth  50.9 6.6 13.0
(mm?/mm?) Coarse 469 0.4 0.9
Conn.D Smooth 21.8 7.3 33.5
(x10° mm™3) Coarse 195 1.4 7.4

Smooth 1.2 0.1 10.7

DA Coarse 1.1 0.0 2.7

7 SD = standard deviation; CV = (%) coefficient of
variance; Conn.D = connectivity density; DA = de-
gree of anisotropy; " statistically significant between
two layers (p < 0.05), two-tailed.

ters, measurement units, and ROI definitions, etc?’.
Inappropriate image quality and magnification, and
thresholding subjectivity, could also affect the re-
sult of image analysis®2?®. Poor image quality
could affect the accurate segmentation for subtle
intensity difference of emitted secondary electrons
between pores and background. Too low image
magnification may lead to the insufficient contrast
between the tiny shallow pores and the background.
The tiny pores are prone to being omitted during
segmentation. In this study, the vast majority of
pores imaged under a x 40 magnification had been
successfully identified and included for analysis.
Further, no matter which segmentation technique
is adopted, local or global thresholding techniques,
human factors are always involved, thus making the
estimation bias inevitable. In addition, the small
area captured for analysis and the incapability for
pore interconnectivity analysis, may also limit its
wide application®.

Based on the internal features of IMAGEJ, a
purposive cut-off value for some specific parameters
(e.g., pore area, and circularity in this study), can be
selected for pore analysis. The shown form, result
display, considerations for holes and pores on the
edges, and others, can be defined as well for specific
purposes. In this study, a cut-off pore area of 7850
um?, corresponding to a circle diameter of 100 p.m,
was intentionally set. Thus, two ranges of pore
area (0 um?- infinity and 7850 um?- infinity) were
chosen for parallel analysis. This practice had the
following vital considerations and significances.

167

Firstly, when a significant cut-off pore area value
(7850 um?) was set, it would facilitate the topolog-
ical and geometric assessments of pores with area
under and above 7850 um?. The full area range (0
um?2- infinity) could include all the pores on two
surfaces for overall analysis, while the partial area
ranges (0 um?2-7850 um? and 7850 pm?- infinity)
could facilitate clarifying two specific groups of eli-
gible pores for specific purposes.

Secondly, though the minimum and optimal
pore sizes for bone ingrowth remain highly con-
troversial, it was reported that the pore size over
100 pm could facilitate the rapid ingrowth of well-
vascularized connective tissue and then direct os-
teogenesis, while the one under 100 um tended
to be penetrated with more avascular connective
tissue, thus leading to osteochondral formation for
hypoxic conditions?*3°. The macro pores were
more favourable for in vivo cell adhesion, migra-
tion, differentiation, neovascularization, and new
bone formation than the micro ones3°22. Fur-
thermore, the optimal bone ingrowth was found
in pores ranging 100-135 pum, though bone could
grow into the small pores of porous polyethylene
down to 40 um'®. The PSD in this study revealed
that the vast majority of pores on two surfaces of
PPE membrane had a circle diameter ranging 50-
200 pm. Thus all of them might enable the bone
ingrowth. Furthermore, when the circle diameter
was set above 100 pm, only 25% and 39% of all
the pores on the smooth and coarse surfaces could
be designated as eligible, respectively. The median
and mean values on smooth and coarse surfaces
could reach up to 130 pm and 140 pm, respectively.
The macro pores (over 100 um) on both surfaces,
especially the coarse ones, could enable optimal
bone ingrowth, whereas the micro pores (under
100 pm) on both surfaces, especially the smooth
ones, might be more prone to being occluded by
the fast-growing epithelial cells and avascular soft
tissue, and thus leading to less or no bone formation.

Thirdly, though an optimal pore size has not
yet been determined for barrier membrane until
today®!, it was believed that, the macroporous
membranes with pore size ranging 100-325 pm
could well balance the pore size, porosity, mechan-
ical properties, and biological responses compared
with the microporous ones®°. In this study, of
all the pores on the smooth and coarse surfaces,
approximately 75% and 61% were the micro ones
with a circle diameter under 100 ym as revealed
in Table 2. They would enable the early ingrowth
of a small quantity of fast-growing epithelial cells
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and avascular soft tissue for postoperative tissue
colonization and membrane stabilization. Then,
these pre-colonizing cells and tissues would prob-
ably occlude the micro pores, and thus efficiently
inhibit further penetration of fibroblasts and soft
tissue from the mucoperiosteal flap due to the cel-
lular growth inhibition effect. The pore size and
PSD characteristics could simultaneously endow the
property of cell occlusiveness and abdicate the space
beneath membranes for bone regeneration. Hence
the selection of the cut-off values for pore area
(7850 umz) and circle diameter (100 pum) was
reasonable and appropriate in this study.

In addition, the pore geometry of porous scaf-
folds and biomaterials has been validated to sig-
nificantly influence cellular response and tissue in-
growth, and to regulate the organization and orien-
tation of collagen fibres, thus remarkably affecting
the tissue structure and mechanics. The widely-
accepted curvature-driven tissue growth model in-
dicates that, all the angiogenesis, tissue growth,
and bone formation and mineralization, prefer a
higher pore curvature in porous scaffolds, and tissue
generation is much more on concave surfaces than
convex and planar ones3%34, A higher roundness,
circularity, solidity and lower aspect ratio of 2D
pores indicate a higher pore curvature and more
concave surface, while a lower roundness, circu-
larity, solidity and higher aspect ratio indicate a
lower curvature and more convex/planar surface.
Based on this knowledge, the results of pore geomet-
ric parameters (i.e., roundness, circularity, solidity
and aspect ratio) in this study might imply that,
the predominant fibroblasts and soft tissue from
mucoperiosteal prefer the overall pores (0 pm?-
infinity) on smooth surfaces to those on coarse sur-
face, thus leading to quick pore occlusion, whereas
the overwhelming bone-forming cells and bone tis-
sue from medullary space prefer the macro pores
(7850 pm?- infinity) on coarse surfaces to those on
smooth surfaces, thus leading to more bone forma-
tion and ingrowth. Hence the design of differential
pore geometries on both surfaces was speculated
to contribute to the cell occlusiveness on smooth
surfaces and to enhance the bone regeneration on
coarse surfaces. Furthermore, these macro pores
might be coated by plasma proteins upon implan-
tation, thus facilitating the cellular adhesion and
hermetic seal formation*. The mechanism might
provide additional resistance to the migration of
epithelial cells and the invasion of oral microbes
when exposed. However, these speculations remain
to be verified. To acquire so precisely-controlled
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pore geometry gradients on such a thin membrane,
additive manufacturing techniques (e.g., 3D print-
ing) possess unrivalled advantages3> 34, and will be
one of our future research orientations.

From 2D analysis, bi-layered PPE membrane
possessed different pore sizes, PSDs, geometries,
pore amounts, pore densities, and surface porosities
on two surfaces. All these unique 2D pore structures
could synergistically contribute to the cell occlusive-
ness on smooth surface and the bone regeneration
potential on coarse surface.

In contrast to 2D analysis, micro-CT could en-
able simultaneous 2D and 3D characterizations of
the internal microstructures of bi-layered PPE mem-
branes. It could separate two independent but
complementary 3D datasets for polyethylene matrix
and pores with associated software. Two segmented
components could be transformed into coloured
thickness and separation maps, which could intu-
itively illustrate the component size and distribu-
tion. Their microstructures could be quantified in
a direct 3D manner without any model assumption
using multiple image analysis languages (e.g., dis-
tance transformation, surface triangularization, and
mean intercept length)3>. The use of submicron-
level resolution could ensure its high accuracy®1°.
However, it required huge investments on equip-
ment procurement and maintenance, and extensive
personnel trainings to fully use the advanced func-
tions and obtain the reliable outcomes®.

From morphometric quantification, the mean
pore diameters of both layers of PPE membrane
measured by micro-CT were quite small, ranging
20-30 pm, compared to the values obtained by
2D analysis. Most of current micro-CT systems,
including Scanco system, were originally developed
for bone morphometry which mainly characterized
trabecular microstructures?®. Porous material struc-
tures, however, come in various natures due to
different fabrication techniques or processes and
the shape of the pores could be far different from
those of trabeculae which were rather isotropic.
The use of the best-fitting sphere in the micro-CT
analysis algorithm underestimated the pore size,
since it isotropically measured the pores by fitting
the largest sphere but discarded the long-axis di-
mension of anisotropic pores. The use of separa-
tion map could provide all the data of individual
spheres which were fitted in the pores for the mem-
brane for additional analysis. The maximum pore
diameters (51-66 pm and 72-81 pm for smooth
and coarse layers, respectively) in the separation
maps were found to be greater than the values
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from morphometric quantification data and closer
to those of 2D analysis. As with 2D analysis, high
volume porosities were also found in both layers
and the porosity was greater in the coarse layers
than in the smooth ones. This would be beneficial
and desirable for providing high permeability for
nutrient, oxygen and metabolite diffusions and new
bone formation®°. As all the pores, pore artefacts
and perforating throats would serve as space for
cell and tissue ingrowths, they were all included
for 3D morphometric analysis within the internal
features of micro-CT. The smooth layer possessed
fewer large pores, pore artefacts and perforating
throats than the coarse one, thus contributing to
the significantly smaller pore diameter and volume
porosity.

On the other hand, the nonsignificant difference
in strut thickness confirmed the homogeneity of
polyethylene struts across the membrane. Com-
bined with the significantly different pore diameters
and volume porosities, this feature might contribute
to the homogeneous polyethylene matrix structure,
facilitate the intraoperative membrane contouring
towards coarse layer (also bone defect side), and
maintain the structural integrity in clinical appli-
cation®®. Furthermore, the specific surface area
and Conn.D of both layers were much higher than
those of healthy human cancellous bone taken from
tibial condyles (mean 3.95 mm?/mm?, range 2.09-
5.42 mm?/mm?, and mean 6.86 mm™3, range 2.55-
12.8 mm™3, respectively)3®37. According to the
biomimetic design principle for biomaterials and
scaffolds, high specific surface area was favourable
for initial cell attachment, migration and osteoblast
proliferation3228, while high Conn.D values indi-
cated the extremely high degrees to which the
polyethylene strut network on both layers was inter-
connected, and large maximum numbers of matrix
connections that were needed to be broken before
dividing into two parts®>3¢39,  Its nonsignificant
difference might contribute to the consistent me-
chanical property and space maintenance across the
entire membrane. Finally, the DAs of both layers
were approximately 1.0, and not significantly differ-
ent, implying similar and isotropic matrix structure
across the membrane?°.

In comparison to commercial expanded/dense
polytetrafluoroethylene membranes which, respec-
tively, had the pore sizes of 8 pm and 0.3 pm
which were claimed to be able to partially retard
or completely block the invasion of individual oral
microbes in case of premature wound dehiscence
and membrane exposure“’, the pore sizes of PPE
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membrane were still larger. However, due to the
complex membrane microstructures, cell and tissue
behaviours within porous biomaterials and microbe-
host interactions, whether the bi-layered PPE mem-
brane possesses the bacterium occlusiveness re-
mains to be confirmed.

SEM and micro-CT were two of the most
commonly-used techniques for microstructural
characterization. They had their own advantages
and limitations. In this study, these two techniques
had been successfully applied in characterizing the
newly-developed bi-layered PPE membrane. Their
combination was found to compensate their mutual
limitations and synergistically elucidate the pore
microstructures of bi-layered PPE membrane.

CONCLUSIONS

The 2D and 3D pore characteristics as revealed
from the SEM and micro-CT image analyses could
be complementarily employed to characterize the
pore microstructure and morphology of PPE barrier
membrane. A developed PPE membrane was proved
to comprise bi-layered structure having low porosity
on one side and high porosity on the other side as
designed. In the future, the mechanical and bio-
logical property measurements, for example, tensile
properties, cell proliferation, and cell / bacterium
occlusiveness, are planned to further investigate the
suitability of this membrane for using as a mem-
brane in GBR.
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