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Purpose: Currently, a number of bioresorbable and biodegradable membranes used for guided bone
regeneration lead to incomplete tissue regeneration. Poor mechanical properties, short degradation
time, and the lack of integrated biologic components result in the inability to create and maintain an
appropriate environment and to actively support tissue remodeling. In the present study, the
osteogenic potential of human calvarial periosteal cells in combination with ultrathin polycaprolactone
(pc2) membranes of a slow biodegradation rate was investigated. Materials and Methods: In vitro and
in vivo analyses of the tissue-engineered constructs were conducted using imaging techniques,
immunohistochemistry, and histology. Two types of membranes were investigated. Group 1 consisted
of a plain membrane, and in group 2 membranes were treated with sodium hydroxide. Results: In vitro
results showed that osteoblast-like cells attached and proliferated on the membranes with the forma-
tion of extracellular matrix. Sodium hydroxide-treated membranes showed enhanced cell attachment
and proliferation kinetics, resulting in a dense cellular layer after 2 weeks in culture. In vivo mineral-
ized tissue formation in association with vascularization was observed. Extracellular matrix calcifica-
tion with nodule formation was detected via histology as well as scanning electron microscopy. Discus-
sion: PCL membranes support the attachment, growth, and osteogenic differentiation of human
primary osteoblast-like cells. Sodium hydroxide-treated membranes demonstrated increased cell
attachment resulting from increased hydrophilicity. Conclusion: These findings have potential applica-
tion in the development of a new generation of osteoconductive membranes. (INT ] ORAL MAXILLOFAC
IMPLANTS 2002;17:161-174)
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ver the last decade, extensive experience has
been gained by implementing the guided bone
regeneration (GBR) technique in clinical treatment
regimes. The objective of GBR is to promote bone
formation in osseous deformities, either before or in
conjunction with endosseous implant placement.
Osseous defects consist mainly of extraction sites,
dehiscences, and/or fenestrations, as well as localized
ridge defects. Furthermore, bone defect geometry
may either provide natural spacemaking or be non-
spacemaking. At present, the GBR technique is sup-
ported by a significant number of experimental and
clinical studies, randomized and nonrandomized.!-
The clinical goal of GBR is to create a suitable envi-
ronment in which the natural biologic potential for
functional regeneration can be maximized. +7
It has become clear that tissue separation is only
one of many interacting factors that influence the
predictability and success of GBR treatment proce-
dures. Important factors involved in the creation of a
suitable environment for GBR procedures include:
biomechanical stability of the resolving wound com-
plex, prevention of acute inflammation resulting

The International Journal of Oral & Maxillofacial Implants 161



"d3HSITdNd IHL NOYd NOISSINYG3d NILLIIM LNOHLIM INHO4 ANV NI A3 LLINSNVYL J0 a3oNd

-0dd3d 39 AVIN 312114V SIHL 40 L¥Vd ON'ATNO ISN TYNOSY3d OL d31014d1S3d SI LNIFWNDOA SIHL 40 ONILNIFdONI ‘02 ONIHSITdNd AONASSALNIND Ad 2002 @ LHOIYAJOD

SCHANTZ ET AL

from bacterial infection, isolation of the regenerative
space from undesirable competing tissue types, and
creation and maintenance of a blood clot-filled
space.® While certainly not the only critical compo-
nent to successful GBR treatment, the material prop-
erties and membrane design employed in the therapy
can significantly influence all of the above-mentioned
factors.” However, membranes made purely of syn-
thetic or natural polymers without biologic compo-
nents permit only passive tissue regeneration.!0

Bone generation by autogenous cell culturing
and transplantation is one of the most promising
treatment concepts being developed in the area of
reconstructive surgery.!! Osteoblast-like cells
obtained from an individual patient can be grown in
culture and seeded onto a scaffold that will slowly
degrade and resorb as the bone structures are
formed and assimilate in vivo with the host tissue.
The scaffold provides the necessary support for cells
to maintain their differentiated state and defines the
overall shape of the tissue-engineered transplant.!2

Tissue-engineering concepts have not yet been
applied for the development of membrane-cell con-
structs whose physical and biologic properties permit
not only passive host tissue integration, but also have
desirable cell types and tissue components that actively
produce bone. In this study, the concept of combining
the cellular component with a bioresorbable mem-
brane was evaluated both in vitro and in vivo.

MATERIALS AND METHODS

Specimens
Polycaprolactone (PCL) films were fabricated as
described by Ng and associates.? Briefly, PCL thin
films were prepared using a standard solution-casting
method. PCL pellets (Mn 80 000, Sigma-Aldrich, St
Louis, MO) were dissolved in methylene chloride (6%
by weight) and cast onto glass sheets. The solvent was
removed by slow evaporation. The films were further
dried in vacuum at room temperature for 2 days. Films
of diameter 210 mm with a thickness of 100 to 110 pm
were obtained. A laboratory press (Dr Collin GmbH,
Ebersberg, Germany) with 4 columns and a plated area
of 36 square inches was used. The heat press process
was necessary to improve film uniformity and to reduce
defects that would negatively influence the biaxial
drawing process. All pressed films were placed in ice
water immediately after removal from the hot press.
"The pressed films were then cut to 7 X 7 cm for biaxial
drawing. The films were biaxially drawn using a biaxial
drawing apparatus designed and built in-house.?

All samples were processed using a drawing
speed of 200 mm/min and a draw ratio of 3 X 3.
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Thin transparent film specimens were obtained
after drawing. For this study, the films were 10 = 2
pm thick. The surface morphology was studied via
scanning electron microscopy (SEM) and atomic
force microscopy (AFM) as described by Ng and
associates.!’ Representative scans from 3 different
films of each group were collected. Circular films of
16 mm diameter were stamped out from the rectan-
gular PCL sheet using a hollow stainless steel
punch (Elora, Remscheid, Germany). One group of
PCL films was treated with sodium hydroxide
(NaOH) solution for 3 hours to render the PCL
films more hydrophilic. The specimens were
grouped as follows: (I) PCL films, untreated, (2)
PCL films, NaOH-treated. For NaOH treatment,
the PCL films were soaked in 30 mL of 5 mol/L
NaOH (JT Baker, Phillipsburg, NJ) for 3 hours.
The films were washed 3 times in phosphate-
buffered saline (PBS) and sterilized. For steriliza-
tion, all specimens were soaked in ethanol (Merck,
Darmstadt, Germany) for 24 hours. They were then
washed twice with PBS, placed into 6 well plates,
and dried in an incubator at 37°C and 5% carbon
dioxide for 1 hour.

In Vitro Study
All media, supplements, and chemicals were pur-
chased from Gibco (Life Technologies, Grand
Island, NY) and Sigma-Aldrich unless otherwise
stated in the text. Biopsies from human calvarial
periosteum were harvested under sterile conditions
and placed in Ringer’s solution. Samples were cut
into 1.0 X 1.0-cm pieces and extreme care was taken
when the inner cambial layer was separated from the
outer fibrous sheet. An explant culture system was
established to isolate the osteoblast precursor cells
from the cambial layer.!* Cells were amplified in
monolayer cultures and passaged twice using Gibco
M199 culture media with 10% FBS and 1% peni-
cillin-streptomycin. Prior to cell-seeding, 80% con-
fluent cultures were enzymatically lifted from the
T75 flask with 0.05% trypsin-EDTA (Hyclone,
Logan, UT) and counted with a hemocytometer.
Cell viability was assessed with Trypan blue staining.
On average, 50,000 osteoblast-like cells were
seeded per film in 4 different areas to achieve a
homogenous cell distribution. The seeded films
were then left for 30 minutes in the incubator at
37°C and 5% carbon dioxide for cell attachment to
occur. A glass ring 14 mm in diameter was placed
on each specimen to weigh down the films, so as to
prevent them from floating on the media. The sam-
ples were then carefully topped with 2 mL of cul-
ture media supplemented with 50 pg/mL ascorbic
acid and 10 mmol/L beta-glycerolphosphate to
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induce the osteoblastic phenotype. Constructs were
kept in culture for 2 weeks prior to implantation.

Phase Contrast Light and Scanning Electron
Microscopy. Establishment of the osteoblast-like
morphology of intercellular connections and qualita-
tive cell proliferation over time were examined daily
by phase-contrast light microscopy for 2 weeks.
Adhesion of the cells to the PCL foil and their distri-
bution were studied via SEM. Specimens were fixed
in 2.5% gluteraldehyde (Merck) for at least 4 hours
at 4°C. They were then dehydrated in a graded
ethanol series of 30%, 50%, 90%, and 100% for 5
minutes at each grade; dried; and examined with a
Jeol JSM-5800LV SEM (Tokyo, Japan) at 15 kV.

Confocal Laser and Fluorescence Microscopy. The
cell-membrane constructs were prepared for confocal
laser microscopy (CLM) by staining viable cells green
with the fluorescent dye fluorescein diacetate (FDA)
(Molecular Probes, Eugene, OR). The 3D cultures
were incubated at 37°C with 2 pg/mL FDA in PBS
for 15 minutes. After rinsing twice in PBS, each sam-
ple was placed in 1 mg/mL propidium iodide solution
(Molecular Probes) for 2 minutes at room tempera-
ture to stain dead cells red. The samples were then
rinsed twice in PBS and viewed under a CLM
(Olympus IX70-HLSH100 Fluoview, Tokyo, Japan).
Depth projection images were constructed from up
to 25 horizontal image sections through the cultures.

For fluorescence microcopy, membrane-cell con-
structs were first fixed in 3.7% formaldehyde at
room temperature for 30 minutes. After rinsing
twice with PBS for 5 minutes each time, 200 pg/mL
RNAse A was added and left for 30 minutes at room
temperature. Phalloidin (A12379 Alexa Fluo 488
phalloidin, Molecular Probes) was then added in at
a 1:200 dilution for 45 minutes at room tempera-
ture and in darkness. Samples were subsequently
counterstained with 5 pg/mL propidium iodide
solution, dried, and mounted for viewing under flu-
orescence microscopy.

Osteocalcin Assay. The supernatant from stimu-
lated membrane-cell constructs was collected after 1
week and after 2 weeks and immediately frozen at
—-80°C. Prior to analysis, 10 pL of each sample was
brought to room temperature and dissolved in 1 mL
assay buffer. The quantity of human osteocalcin was
determined using an enzyme-linked immunosor-
bent assay (ELISA) (DSL-10-7600 Active Human
Osteocalcin ELISA Kit, Diagnositc Systems Labo-
ratories, Webster, TX). All tests were performed in
quadruplicate.

In Vivo Study
Surgical Procedure. The animals were housed in the
animal holding facility, Department of Experimen-

tal Surgery, National University Hospital, for the
entire duration of the experiment. Housing and
feeding were done according to standard animal
care protocols. The studies had been approved by
the Animal Welfare Committee of the National
University of Singapore and had been licensed by
the National Institute of Health’s Guide for Care
and Use of Laboratory Animals. Implantation of
experimental and control specimens was performed
under sterile conditions in a laminar flow hood.

Six male athymic Balb C nude mice, 6 to 8 weeks
old, weighing between 20 to 22 g each, were used for
the in vivo study, in accordance with the animal care
guidelines. The mice were anesthetized with 0.15
mL of an anesthetizing cocktail (Dormicum and
Hypnorm 1:1) injected intraperitoneally before the
operation. The backs of the mice were prepared with
iodine and 70% alcohol, and the animals were placed
in a prone position on the table. The tissue-engi-
neered membrane-cell constructs were inserted into
subcutaneous pockets, with NaOH-treated samples
placed on the left and untreated samples on the right
paravertebral side. The cell-seeded side of the trans-
plant was placed facing toward the skin of the ani-
mals. The wound was then closed with interrupted
5/0 Prolene sutures (Ethicon, Somerville, NY) and
wound sites were sprinkled with an antibiotic pow-
der. The mice were euthanized after 4 months using
carbon dioxide asphyxiation and the implants were
harvested with a small rim of surrounding soft tissue.

Histology and Immunohistochemistry. The main
part of the explanted specimens was fixed in Schatters
solution and embedded in polymethyl methacrylate
(PMMA) (Technovit 9100 Heraeus/Kulzer, Wehr-
heim, Germany). Five-micron-thick sections were cut
using a mycrotome (Leica RM 2165, Bensheim, Ger-
many) and mounted on poly L-lysine (Sigma)—coated
slides. Sections were deplastified by submerging the
slides for 20 minutes in 98% 2-methoxyethyl-acetate
(Merck) followed by a decreasing ethanol series.
Slides were stained with von Kossa silver nitrate and
toluidine blue.

Immunohistochemistry with antibodies raised
against the human HLA 1 epitope, osteocalcin, and
alkaline phosphatase was carried out on undecalcified
sections. Slides were incubated in humidified cham-
bers for 1 hour at 37°C with the primary antibodies.
For identification and separation of mouse and
human tissue, slides were incubated with monoclonal
antibodies raised against the human HLA 1 ABC
Epitope (Clone W 5/32 Mouse Anti-Human, Dako,
Glostrup, Denmark). Nonspecific sites of the anti-
body were shut off with a peroxidase block. Primary
antibodies were detected with a 3,3-diaminobenzi-
dine substrate and a chromogen peroxidase system
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(Dako EnVision+ System Peroxidase DAB, Ham-
burg, Germany). Counterstaining was performed
with Gills hematoxylin (Sigma). Positive and negative
controls were carried out on murine osteoblasts (neg-
ative) and human osteoblasts (positive) fixed cultures.

Osteocalcin immunostaining was carried out to
further evaluate the tissue mineralization and calci-
fication processes. Monoclonal mouse anti-human/
bovine osteocalcin antibody (Biodesign, Saco, ME)
was used in a dilution of 1:100. Slides were then
incubated with a peroxidase-labeled polymer in
which a secondary antibody is linked (Dako En
Vision Peroxidase DAB). Then counterstaining
with Gills hematoxylin was performed as described
above. As a control, the peroxidase-labeled poly-
mer was used alone for staining the microtomed
sections.

X-ray Scanning Analytic Microscope. The residual
part of the explanted specimens was used for x-ray
scanning analytic (XSAM) microscopy (XGT-
2000W, Horiba, Kyoto, Japan) (Fig 1). Elemental
mapping images can be obtained for 11 Na to 92 U
by energy dispersion of a fluorescent x-ray spectrum
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with a 2-dimensional resolution up to 10 pm.!5 In
addition, x-ray transmission images were obtained.
The transmission image and elemental mapping
were obtained by mechanically scanning the sample
under atmospheric pressure. Beams were generated
from an unfiltered Rh-target x-ray guide tube. The
aperture was set to a tube voltage of 30 kV with a
current of 1 mA. The pulse processing time was set
to a maximum of P4 with a live time per frame of
900 seconds. The analyzed spot size was between 2
and 3.5 mm. The mapping image with a resolution
of 512 X 512 pixels was obtained for each specimen.

Gel Permeation Chromatography. The polymer
molecular weight distribution was determined by gel
permeation chromatography (GPC) equipped with a
differential refractor (Waters, Model 410, Milford,
MA) and an absorbance detector refractor (Waters,
Model 2690). The samples were dissolved in tetrahy-
drofuran (THF) and eluted in a series of configura-
tions through a Styragel columns refractor (Waters)
at a flow rate of 1 mL/min. Polystyrene standards
(Polyscience, Warrington, MA) were used to obtain a
calibration curve.
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Figs 2a to 2d

Live, nonstained periosteal cells of passage 3 proliferating on NaOH-treated (Figs 2a and 2c) and nontreated (Figs 2b and

2d) PCL films are shown as photographed with phase-contrast optics after 1 week (2a and 2b, original magnification X100) and after 2
weeks (2c and 2d, original magnification X40) under static culture conditions. The cell lawn became increasingly dense reaching conflu-
ency at day 14 for NaOH-treated specimens (Figs 2a and 2c). A lower cellular density and focal areas with apoptotic cells were detected on
untreated membranes (Figs 2b and 2d). Periosteal cells presented extensive cell-to-cell contacts on NaOH-treated membranes in combina-
tion with a polygonal morphology (Fig 2a), whereas cells on untreated films appeared in a scholar-fish shape (Fig 2d).

RESULTS

In Vitro Study

Cell attachment was observed via phase-contrast light
microscopy to start 3 hours after seeding the cell sus-
pension on the PCL films. The initial cell attachment
was higher on the treated samples when compared to
the untreated samples, and cells spread out to a
greater extent on the surface of the NaOH-treated
PCL films. The osteoblast colonies started to migrate
in radial patterns and proliferate into larger circular
cultures over time. The complete film surface was
covered on the NaOH-treated specimen by a homo-
geneous confluent cell lawn after 2 weeks in a static
culture environment (Fig 2a). The untreated films
still showed cell-free areas after 2 weeks (Fig 2b). On
untreated films, osteoblasts showed a spindle-shaped,
fibroblast-like morphology, changing their alignment
to a scholar-fish formation at the onset of confluency
(Fig 2d). The cells on the NaOH-treated films were
initially more polygon-shaped (Figs 2a and 2¢) com-

pared to the elongated configuration on the
untreated samples (Figs 2b and 2d). It was observed
via daily phase-contrast microscopy that cell prolifer-
ation was qualitatively higher on the treated films.
Under the CLM, it was observed that a high per-
centage of cells were viable after 1 week (Figs 3a to
3d), with an increasing number of apoptotic cells after
2 weeks of culturing for both groups (Figs 3e and 3{).
There were more dead cells found on the untreated
films than on the NaOH-treated specimens. In apop-
totic cells, nuclei were stained bright red and the clas-
sic progression of chromatin condensation and
nuclear fragmentation was visible. Apoptosis
markedly increased up to week 2, predominantly on
the untreated specimens. The apoptosis might have
been triggered by cell contact growth inhibition,
because a multiple-layer morphology was observed,
especially after 2 weeks in culture (Figs 3e and 3f).
Phallodin staining revealed that cells exhibited a
dense f-action filament cytoskeleton after 1 week in
culture (Figs 4a and 4b). The formation of focal
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Figs 3a to 3f A series of confocal laser and fluorescence microscopy images of periosteal cells on untreated and treated PCL films after
1 and 2 weeks in culture. Living cells are stained bright green with FDA, while nuclei of apoptotic cells and cytoplasm of dead cells are
counter-stained red with propidium iodide (Figs 3c and 3d). Periosteal cells formed a high number of dense colonies after 7 days in culture
on the NaOH-treated PCL films (Fig 3a, arrows; original magnification X40) whereas nontreated specimens (Fig 3b, original magnification
X40) showed a random cell distribution. This was confirmed by viewing representative samples of each group at higher magnifications
(Figs 3c and 3d, original magnification X200). At day 14 (Figs 3e and 3f, original magnification X100) more dead cells are seen on PCL
films of both groups. However, qualitative comparison allows the conclusion that the amount of deceased cells is higher on the untreated
specimens when compared to the NaOH-treated PCL films.
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Figs 4a to 4d Cell morphology and attachment were studied by labeling the actin cytoskeleton with phalloidin and counterstaining the
cell nuclei with propidium iodide. On fluorescence microscopy, images of 1-week specimens (Figs 4a and 4b, original magnification X100),
show a prominent f-actin fiber-network, with a higher amount of f-actin filaments in the NaOH-treated group, compared to the nontreated
specimens. In accordance with the phase-contrast and SEM images, a difference in cell density for the treated and nontreated group was

noticeable after 2 weeks (Fig 4c and 4d, original magnification X40).

adhesions (stress fibers) increased during the 2
weeks in culture, with the NaOH-treated samples
presenting a significantly denser network (Figs 4c
and 4d). Again the osteoblasts formed multiple lay-
ers in the interior of the circular colonies.
Osteoblast-specific osteocalcin production in the
supernatant showed no obvious differences between
the groups. The basal osteocalcin synthesis on the
periosteal cell-seeded constructs ranged from 1.5 to
3.8 ng/mL. There was no significant difference in
secretion either after week 1 or week 2 in culture
between the groups. Cells on treated films produced
the highest amount of osteocalcin after 1 week, with
3.7 £ 0.2 ng/mL. Levels on untreated films were 2.4
+ 0.2 ng/mL after week 1 and week 2, respectively.
SEM demonstrated osteoblast-like cells within a
dense extracellular matrix in vitro. It was observed
that the cells on the untreated films showed a prolif-
eration pattern in which the osteoblast-like cells were
aligned parallel to each other (Fig 5b). In contrast,

cells on the NaOH-treated surface grew in a more
random orientation, protruding toward the circular
shape of the PCL foil (Fig 5a). In week 1, osteoblast-
like cells in both groups showed features suggestive of
well-attached cells, such as numerous dorsal mem-
brane ruffles and microvilli (Figs 5a and 5b). How-
ever, after 2 weeks in culture, cells subsequently
spread over the whole NaOH-treated PCL foil,
forming confluent cellular multilayers in combination
with a strong extracellular matrix (ECM) production
(Figs 5c and 5d). Yet on untreated PCL films, cell-
free areas and apoptotic and as well as detached ECM
bundles were present after 2 weeks (Fig 5d).

In Vivo Study

Macroscopic Appearance. All the mice tolerated the
surgical procedures and implantation well, showing
only the expected mild inflammation from the
wound healing response. Impaired wound healing or
a clinically detectable foreign body reaction was not
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Figs 5a to 5d  Scanning electron micrographs (original magnification X400) showing cells growing on NaOH-treated (Figs 5a and 5c) and
on untreated films (Figs 5b and 5d) after 1 and 2 weeks, respectively. Cells attached to the membranes via fillipodia and fiber-like
processes. Features suggestive of cell activation with respect to cell-substrate interaction, including dorsal ruffles and microvilli-type ele-
ments, are partially present on the cells. The cells shown present this characteristic growth pattern with circular formation on NaOH-treated
specimens (Fig 5a), whereas cells on untreated samples proliferated in a parallel alignment (Fig 5b). After 2 weeks, a higher amount of
extracellular matrix (ECM) deposition could be observed throughout the entire treated film surface. In contrast, the nontreated specimens
showed only random ECM formation.

Fig 6 Gross morphologic observation (data not shown) of the
vascularization of the fresh explanted specimens of both groups
was confirmed via histology. Microvascular structures could be
detected in the toluidine blue-stained cross section (original
maghnification X200).

168 Volume 17, Number 2, 2002
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Immunohistochemical analysis was performed on deplastified sections of explanted specimens, and representative micro-

graphs (original magnification X100) were captured. The NaOH-treated PCL films showed a polygonal, loosely and randomly organized tis-
sue structure in the osteocalcin (Fig 7a) and HLA Class | antigen (Fig 7c) staining. In contrast, explants of the untreated group revealed a
scholar-fish-like and parallel cell formation of the cells within the collagen bundles for both types of staining (Figs 7b and 7d). Focal clus-
ters of osteocalcin-positive cells were surrounded by murine fibrous tissue (Fig 7a, magnification X100). In the internodular regions, loose

cell formations were identified as HLA negative (blue stained cytoplasm).

seen at any time. Seventeen weeks after implanta-
tion, the tissue-engineered grafts could be clearly
seen on the back of the mice. Two areas of increased
firmness could be palpated on the skin of the mice.
Tissue-engineered constructs of both groups could
be excised at the time of harvesting. Upon gross
examination, the implants appeared well integrated
into the surrounding host tissue. The original
dimension of the PCL films could still be detected
within all of the explanted specimen. Macroscopi-
cally, fibrous tissue encapsulation or fibrotic reaction
was not detected in any of the specimens.

Histology and Immunohistochemistry. Microscopi-
cally, no prominent foreign-body reaction was appar-
ent in the surrounding mouse tissue. A narrow zone
of fibrous connective tissue, which was HLLA-negative
in the immunostaining, indicating murine origin,
surrounded the films. The membranes were lined

with a dense cellular layer including multiple vascular
structures (Fig 6). The HLA staining revealed that
islands of connective tissue of mouse origin were pre-
sent, partially disrupting the primary osteoblast cell
lawn. Sparse areas of mineralized nodule formation
were found, predominantly on the treated samples.
The assessment of osteocalcin showed that HLA-
positive cells expressed basal activity of the
osteoblast-specific marker, which characterized them
as osteoblast-like cells. The structural morphology of
the explanted periosteal-membrane constructs
showed 2 distinct tissue formation patterns. On
NaOH-treated samples, osteoblast-like cells sur-
rounded a core of collagen-rich matrix in a nodule-
like fashion (Figs 7a and 7¢). The matrix was mineral-
ized as shown in Figs 8a and 8b. Tissues on untreated
specimens presented a stretched muscular tissue-like
appearance (Figs 7b and 7d) similar to the observed
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Figs 8a and 8b Photomicrographs (original magnification X100) of representative histologic sections after von Kossa staining illustrate
the different forms of tissue formation for both groups. Homogeneous formation of mature bone tissue was not seen for both groups.
Onset of ECM mineralization was indicated for both groups by randomly distributed dark brown regions. However, NaOH-treated specimens
(Fig 8a) revealed bigger tissue areas, which reacted with silver nitrate when compared to the nontreated PCL film group. In general, the
sectioning of the tissue-engineered film/cell constructs was difficult due to the physiochemical properties of PCL. However, some sections

allowed the detection of the tissue—PCL film interface (Fig 8b, arrows).
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cell growth behavior in vitro (see Fig 2d). The mem-
brane was penetrated by a vascular structure shown
on the postoperative SEM and on the toluidine
blue-stained section.

SEM and XSAM. In vivo morphologic character-
istics indicated significant differences between the 2
groups, with prominent 3-dimensional cellular
structures appearing as mineralized extracellular
matrix (nodules) on the NaOH-treated films. The
nodules consisted of rounded cells located in a spi-
der-like network of extracellular matrix (Fig 9).
Globuli were preferentially located around the cen-
tral surface ridge of the specimen, where the vascu-
lar structure penetrated the membrane. The
untreated films presented a dense, relatively uni-
form flat lawn of tissue. Uneven, more 3-dimen-
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Fig 9 After 17 weeks of implantation, SEM (original magnifica-
tion X2,000) of NaOH-treated PCL film/cell constructs showed
multiple mineralized globuli (arrows), consisting of rounded cells
embedded in a spider-like network of calcified extracellular
matrix.

sional tissue structures with globuli (mineralized
nodules) were not observed.

Element distribution in the axial planes of the
scanned specimens showed irregular patterns of cal-
cium and phosphate deposition. Calcium- and
phosphate-enriched spots were localized, particu-
larly in the treated specimens (Fig 10a), whereas the
untreated samples showed no focal enrichment (Fig
10b). The relative elemental concentration in the
single spot analysis revealed that Ca reached a maxi-
mum x-ray intensity of 23.7 in the treated specimen
compared to 1.8 in the untreated group. Phospho-
rous distribution partially overlapped the Ca map-
ping images. X-ray intensities ranged from 37.1 in
the focal enriched spot on the treated sample to 4.3
in the untreated film.
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a

Figs 10a and 10b

Images with elements superimposed (original magnification X100) detected with the XGT. Measurement time was

900 seconds with a width (squares are mapped in mm) of 3.072 mm2. Scanning mode (no. of frames) was 5. Focal enrichment with Ca
and P. NaOH-treated films (Fig 10a): Calcium distribution is expressed as red dots. Green dots symbolize iron and blue phosphorus,
expressed against a black background. Untreated films (Fig 10b): Calcium distribution image expressed as red dots. Green symbolizes zinc

and blue iron expressed against a black background.

GPC showed that the average molecular weight
of the PCL foils of both groups decreased from
159,000 = 5,000 to 95,000 = 5,000 after 2 weeks of
culturing and 17 weeks of implantation. The poly-
dispersity index ranged from 1.5 on untreated and
1.2 on NaOH-treated specimens.

DISCUSSION

The concept of GBR has become widely accepted
as a successful treatment modality.!6!7 The objec-
tive of GBR is to promote bone formation in
osseous defects.’* The gradual shift from nonre-
sorbable membranes to biodegradable and biore-
sorbable membranes represents one of the most

significant trends in modern GBR treatment
regimes.’ However, the membrane is not able
to induce active bone regeneration because of the
lack of cellular components. The presented study
suggests that a tissue-engineered periosteal cell-
membrane construct is capable of inducing the
formation of calcified tissue in a non-osseous
environment.

The authors’ interdisciplinary group'® has devel-
oped a PCL film as thin as 5 pm, which has potential
to be used as a matrix for tissue-engineering applica-
tions. PCL is an FDA-approved, bioresorbable, bio-
compatible polymer, and has good mechanical prop-
erties when biaxially stretched. Biaxially stretched
PCL films support the attachment and proliferation
of human dermal fibroblasts as well as keratinocytes
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and have potential to be used as matrix material
when tissue engineering skin.'s

The study presented in this paper showed that
ultrathin PCL films also support cell attachment
and proliferation of human calvarial osteoblasts.
The NaOH treatment of biaxially stretched PCL
films resulted in a microtextured, hydrophilic poly-
mer surface that enhanced cell attachment and
migration. The tissue-engineered PCL film/cell
constructs were able to produce and deposit miner-
alized matrix. The concept of tissue engineering by
combining the cellular component with a biore-
sorbable membrane offers a variety of new strategies
for GBR. The osteoblast-biomaterial interphase has
been the focus of many studies.!?20 In particular,
interest has been focused on cell attachment and
subsequent formation of mineralized tissue.?!

Cell attachment and migration are dependent on
cell/substrate interaction. The surface properties of
the material have a strong biophysical influence on
the cell kinetics. Osteoblasts are an anchorage-depen-
dent cell type and need to attach and spread so as to
divide and become confluent. The cytoskeletal
response (actin filament and focal contact formation)
of osteoblast-like cells to various substrates has been
studied by many investigators and was reviewed by
Anselme.?? Nonbiomolecular scaffold surface engi-
neering refers to the altering of a material’s cell
attachment and proliferation performance by modify-
ing the polymer end groups to afford a higher affinity
for protein adsorption.

A procedure for surface hydrolysis of polygly-
colic acid (PGA) meshes was developed by Gao and
coworkers?’ to increase cell seeding density and
improve cell attachment. Hydrolysis of PGA in 5
mol/L NaOH transformed ester groups on the sur-
face of PGA fibers to carboxylic acid and hydroxyl
groups. However, the molecular weight and thermal
properties of the polymer did not change signifi-
cantly following surface hydrolysis. In cell-seeding
experiments, a surface-hydrolyzed mesh could be
seeded with more than twice as many cells as the
unmodified PGA mesh. Control experiments indi-
cated that adsorption of serum proteins onto the
surface-hydrolyzed PGA fibers correlated with an
increase in the cell seeding density.??

In an attempt to build on the work of Gao and
colleagues,? the surfaces of the PCL membranes
were modified using NaOH treatment. Specific
matrix surfaces might be capable of influencing the
differentiation of osteoblast-like cells. Previous stud-
ies showed that changes in surface morphology can
act as a nucleation point for matrix formation and
mineralized nodule production when culturing
osteoblasts.2+26 Modified surface characteristics
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might lead to a different numeric and preferential
absorption of proteins but also influence the confor-
mational state of the absorbed proteins. Hasegawa
and coworkers?S demonstrated that the conforma-
tional state of proteins can influence cell activity and
consequently ECM formation. This might be one of
the reasons why cells, because of more favorable
spreading reaction, increased their rate of growth
and supported the formation of mineralized matrix
in the treated samples. Mechanically transduced sig-
nals might trigger calcified globuli formation.

Osteogenesis on bioactive substrates is character-
ized by a temporal sequence of biologic events
involving cell morphology, proliferation, and differ-
entiation. Recent studies?’2® have shown that apop-
tosis is a significant feature of osteoblast differentia-
tion during the development of bone-like tissue. An
increase of apoptosis during the growth phase in
vitro could therefore suggest that the substrate
induces remodeling within the osteoblast population
to support the selection process of a subpopulation
that can adapt to the substrate-specific microenvi-
ronment. This could explain why the onset of apop-
tosis on the foils after 5 to 7 days in culture was
detected, although confluence was not yet reached
and cell proliferation continued (Figs 3¢ and 3d).

The combined immunohistochemical staining
indicated that the NaOH-treated PCL films in par-
ticular were able to support bone-like tissue growth.
The cells that proliferated were of the intended
phenotype and were able to deposit a partially min-
eralized ECM in vivo. The von Kossa assay test for
calcium, in the presence of phosphate, is a general
measure of mineralization of the ECM.

The nondestructive imaging of elemental distribu-
tion of tissue-engineered hard tissues provides valuable
information to complement histologic and immuno-
histochemical methods. The ratio of elements that
form the mineralized extracellular matrix in hard tis-
sue is important. 1o the authors’ knowledge, this is the
first published report applying that method to tissue
engineered specimens. The information obtained
from the tissue analysis with the XSAM supported the
findings from the overall histology. Even so, the
scanned planes could not be precisely adjusted to the
histologic sections. However, variations in distribution
of mineralized areas can be explained by the technical
limitations of the currently available XSAM. The new
generation of XSAMs will allow a more specific appli-
cation when analyzing biologic specimens.!s

Bioresorbable and biodegradable membranes for
GBR were introduced towards the end of the
1980s.° Products consisting primarily of PGA and
polydiaxannone were used. These materials have in
common a short degradation time. After a primary
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hydrolytic breakdown into lactic acid and glycolic
acid, these materials are further broken down into
carbon dioxide and water in the citrate cycle. This is
often accompanied by a mild inflammatory reaction,
creating an acidic environment, which is not ideal
for early tissue development. Pitt and colleagues?’
were among the first who observed that in vivo
biodegradation of nonporous PCL specimens pro-
ceeded in 2 stages. The first stage of the degradation
process involves non-enzymatic, random hydrolytic
ester cleavage, and its duration is determined by the
initial molecular weight of the polymer as well as its
chemical structure. The second phase is character-
ized by the onset of mass loss. Mass loss has been
attributed to that chain scission of low-molecular-
weight compounds which will produce oligomers
small enough to diffuse out of the polymer’s bulk
and surface, which can then be completely metabo-
lized via phagocytosis.

GPC was employed to study the degradation
kinetics of the PCL film/cell constructs. The mole-
cular weight of the seeded PCL matrices decreased
significantly over 17 weeks. Perhaps the best repre-
sentation of the change in molecular weight was vis-
ible in the polydispersity index (PI). High PI values
correspond to a conglomerate of chains spanning a
wide range of molecular weights. The membranes
initially had a low PI value, which indicates a homo-
geneous distribution of molecular chains of the
same size. During cell implantation, the longer
molecular chains were cut via hydrolysis, but the PI
did not change significantly, indicating a gradual
degradation process. Based on these data it can be
extrapolated that the degradation characteristics of
biaxially stretched PCL films fulfill the criteria for
GBR where the polymer matrix should stay intact
for 4 to 6 months.® Conclusively, the results of this
study indicate that biaxially stretched PCL films
support the attachment and proliferation of
osteoblast-like cells and have potential for use in
developing a new generation of truly osteoinductive
membranes.
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