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Abstract

Background: Barrier membranes and bone substitute are major tools of guided
tissue regeneration (GTR) after periodontal disease. Integrity of the periodon-
tal ligament plays a key role in periodontal health, but its functionality fails to
be fully re-established by GTR after disease or trauma. Microtissue models sug-
gest an in vivo-like model to develop novel GTR approaches due to its three-
dimensionality. This study aims to assess the effects of collagen membranes and
bone substitute on cell viability, adhesion and gene expression of regenerative
and inflammatory biomarkers by periodontal ligament cell (PDLC) microtissues.
Methods: Human PDLC microtissues and monolayers were cultured on colla-
gen membranes or bone substitute. After 24 hours incubation, metabolic activ-
ity, focal adhesion, mRNA and protein production of collagen-type-I (COL1A1),
periostin (POSTN), vascular endothelial growth factor (VEGF), angiogenin
(ANG), interleukin (IL)6 and IL8 were measured by resazurin-based toxic-
ity assay, focal adhesion staining, quantitative polymerase chain reaction and
enzyme-linked immunosorbent assay, respectively.

Results: PDLC microtissues and monolayers were viable on collagen mem-
branes and bone substitute, but microtissues were less metabolically active.
Dominant staining of actin filaments was found in PDLC microtissues on col-
lagen membranes. COL1A1, POSTN, VEGF, ANG and IL6 were modulated in
PDLC microtissues on bone substitute, while there were no significant changes
on collagen membranes. PDLC monolayers showed a different character of gene
expression changes.

Conclusions: PDLC microtissues and monolayers react diversely to collagen
membranes and bone substitute. Further descriptive and mechanistic tests will
be required to clarify the potential of PDLC microtissues as in vivo-like model for
GTR.
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1 | INTRODUCTION

Periodontal soft tissue regeneration is an essential prereq-
uisite to successful guided tissue regeneration (GTR) for
the treatment of periodontal disease. Infrabony defects,
furcation defects and recessions are the main clinical indi-
cations for periodontal GTR, which are primarily caused
by periodontal inflammation.! After successful removal
of the cause of inflammation and hygienic measures, the
destroyed tissue integrity of the periodontium has to be re-
established. To recover original tissue functions, periodon-
tal tissue needs to regenerate, which is attempted by surgi-
cal GTR strategies.” In a standard GTR approach, a barrier
membrane is used to isolate the defect site and guide the
regenerating tissue,” while bone substitute materials are
used as fillers for bone defects and serve as scaffolds for
the regenerating periodontium.*

Cells of the periodontal ligament play a key role in
maintaining physiological features of the periodontium as
they communicate mechanical and biological influences
between tooth and alveolar bone® and provide regenera-
tive capacity.® Therefore, complete regeneration comprises
the reconstruction of the anatomical architecture and par-
ticularly requires the re-establishment of functional fea-
tures. After trauma or disease, wound healing of oral soft
tissues, such as the periodontal ligament, mainly leads to
tissue repair rather than regeneration. Tissue repair results
in fibrotic scar tissue, which provides tissue stability but
fails to exert the original tissue function.” Every implanted
material will be recognized as a foreign material to which
oral soft tissue subsequently reacts with cellular inflam-
mation, forming a non-functional fibrous capsule around
e.g. inserted barrier membranes.® Besides failing to pro-
vide specialized tissue functions, the tissue will most likely
undergo soft tissue recession, demanding a repetition of
the invasive GTR treatment.

To avoid foreign body reactions to implanted materi-
als, such as barrier membranes, several approaches are
in evaluation to improve soft tissue integration of GTR
biomaterials.”'” These biomaterials can be functionalized
by coatings with different organic and inorganic com-
pounds to improve biocompatibility and inflammatory
reactions.!" To test the potential of such modifications to
biomaterials, a test model is required that safely predicts
its effects in a patient. Research and development of opti-
mized materials for GTR traditionally starts in vitro and, if
successful, continues with in vivo studies and clinical tri-
als. As the periodontal ligament is a very thin structure, it
cannot be accessed in patients in vivo for technical and eth-
ical reasons. On the other hand, traditional in vitro cell cul-
tures represent an artificial situation that does not mimic
the patient situation in all physiological aspects and par-
ticularly differs in proliferative and molecular responses

to external stimuli.’? Thus, the ideal test model for GTR
biomaterials should replace or reduce animal studies and
clinical trials by a three-dimensional (3D) in vitro model
with a similar morphological and functional character as
the in vivo periodontal ligament in a patient.

In the past years, microtissue models like spheroids
were established and were also produced with cells
deriving from periodontal ligament.'** What we know
is that these periodontal ligament cell (PDLC) spheroids
display different regeneration-associated functions"
and characteristics'® than PDLC monolayers. Obvi-
ously, spheroid microtissues better represent the 3D
aspect of an in vivo periodontal ligament tissue than
cell monolayers, but what remains unknown is in which
functional aspects microtissues come closer to a patient’s
periodontal ligament tissue compared with monolayers.
Ideally, an in vitro model for GTR research that mimics
patient-side periodontal ligament should not only be a
3D construct, but also be capable to deliver information
on biocompatibility, cell adhesion and production of
molecular biomarkers for regeneration, angiogenesis and
inflammation. During periodontal tissue regeneration,
collagen-type-I (COL1A1)" and periostin (POSTN)'® play
a crucial role, while vascular endothelial growth factor
(VEGF)" and angiogenin (ANG)?’ are known for their
importance in angiogenesis and finally interleukin (IL)6
and IL8”' mediate the periodontal inflammatory process.
Thus, it is of utter importance for material development in
periodontal GTR to understand which in vitro model is the
most suitable to test novel or optimized membranes and
bone substitute materials in terms of regeneration. Data
on GTR materials like collagen membranes®” and bone
substitute?® that have been in clinical use for many years
provide a basis to compare which of the in vitro models
represents a clinically relevant situation for periodontal
regeneration.

Therefore, this study aims to test if the effect of collagen
membranes and bone substitute on cell viability, cell adhe-
sion and gene expression of biomarkers associated with
periodontal regeneration, angiogenesis and inflammation
differs in PDLC microtissues and monolayers. We hypothe-
size that the cellular behavior in response to collagen mem-
branes and bone substitute will differ in PDLC microtis-
sues and monolayers.

2 | MATERIALS AND METHODS

2.1 | Ethics

This study was conducted in compliance with the Declara-
tion of Helsinki regarding the ethical principles for med-
ical research involving human subjects. Ethical approval
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for the isolation and work with primary human PDLC was
obtained from the Ethics Committee of the Medical Uni-
versity of Vienna, Vienna, Austria (vote no. 1079/2019).
Patients gave their informed and written consent before
tooth donations.

2.2 | Periodontal ligament cell isolation
After extraction of non-inflamed and non-carious wisdom
teeth, periodontal ligament tissue was removed from the
tooth with a scalpel. An explant culture of periodontal lig-
ament tissue pieces was performed by placing tissue pieces
of ~1 mm in diameter onto a petri dish containing mini-
mum essential a-cell culture medium,” supplemented with
10% fetal calf serum (FCS)" as well as 100 U/mL peni-
cillin, 100 ug/mL streptomycin and 2.5 ug/mL ampho-
tericin (antibiotic-antimycotic).* After reaching 80% to
90% confluence, adherent cells were trypsinized, expanded
and afterwards stored in liquid nitrogen until experimental
use. All cells that grew out from periodontal ligament tis-
sue pieces were collected as a heterogeneous population of
cells, termed human PDLC. PDLC from each donor were
used separately in the experiments.

2.3 | Cell culture conditions

Primary human PDLC from 6 different donors were
thawed and cultured in minimum essential a-cell cul-
ture medium® with 10% FCS™ as well as antibiotic-
ture. PDLC were passaged upon 80% to 90% confluence
and cultured up to passage 7 for experiments. Medium was
changed every 3 days.

2.4 | Collagen membrane and bone
substitute preparation

Collagen membranes** were cut into 1 X 1 cm pieces under
sterile conditions and placed onto the well bottoms of
48-well plates.’¥ Bone substitute” with a granule size of

* Thermo Fisher Scientific, Waltham, MA

* Thermo Fisher Scientific, Waltham, MA

¥ Thermo Fisher Scientific, Waltham, MA

§ Thermo Fisher Scientific, Waltham, MA

“Thermo Fisher Scientific, Waltham, MA

* Thermo Fisher Scientific, Waltham, MA

#* Bio-Gide; Geistlich Biomaterials Vertriebsgesellschaft, Baden-Baden,
Germany

$§ TPP Techno Plastic Products, Trasadingen, Switzerland

" Small Geistlich Bio-Oss granules; Geistlich Biomaterials Vertriebsge-
sellschaft, Baden-Baden, Germany

0.25 to 1 mm and an approximate weight of 45 mg/well

of a well, which has an area of ~1 cm?.

2.5 | Microtissue culture

For PDLC microtissue formation, hot liquid 1.5% agarose
was poured into petri dishes for large spheroids.™*
After short cooling, solidified agarose molds were soaked
with cell culture medium. We added 75 uL of 7,780,000
PDLC/mL into solid, medium-soaked agarose molds and
completely covered them with cell culture medium. After
incubation for 24 hours, three spheroid-shaped PDLC
microtissues per donor were placed onto a plastic cul-
ture dish, a collagen membrane and bone substitute,
respectively. This equals an approximate total cell num-
ber of 50,014 PDLC on each surface. Incubation of PDLC
microtissues on the respective surfaces was performed for
another 24 hours.

2.6 | Monolayer culture

For traditional monolayer culture, we seeded 300 uL of
170,000 PDLC/mL into each well of a 48-well plate’§ onto
the plastic culture dish, a collagen membrane and bone
substitute, respectively. This corresponds to an approxi-
mate total cell number of 51,000 PDLC on each surface.
Monolayers of PDLC were incubated on the respective sur-
faces for 24 hours.

2.7 | TOXS8 assay

For quantitative assessment of metabolic activity, a
resazurin-based toxicity assay (TOX8) ~ was performed
in PDLC microtissue and monolayer cultures on collagen
membranes or bone substitute. PDLC microtissues and
monolayers on plastic culture dishes served as control for
normalization of results. Cell culture medium on cell-free
plastic culture dishes, collagen membranes or bone sub-
stitute was used as blank and subtracted from respective
sample values. Resazurin was added to PDLC cultures at
10% and incubated for 6 hours. Conversion of resazurin
to resorufin was measured photometrically at 540/34 nm
excitation and 600/40 nm emission wavelength. The TOX8

1 TPP Techno Plastic Products, Trasadingen, Switzerland
¥ Microtissues, Providence, RI

$88 TPP Techno Plastic Products, Trasadingen, Switzerland
o Sigma-Aldrich, St. Louis, MO
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assays were conducted with 6 biological replicates and 3
technical replicates.

2.8 | Focal adhesion staining
For imaging of the cytoskeleton, the focal contacts and
the nuclei of PDLC microtissues and monolayers on plas-
tic culture dishes, collagen membranes or bone substi-
tute, a focal adhesion staining kit' ™" was used. Cell cul-
ture medium only on plastic culture dishes was used
as blank control for auto-fluorescence. Microtissues and
monolayers of PDLC as well as blank controls were fixed
in 4% paraformaldehyde for 15 minutes at room tem-
perature. Afterwards, blank controls, PDLC microtissues
and monolayers were permeabilized with 0.1% Triton X-
100 for 5 minutes at room temperature. After 30 min-
utes of blocking with 1% bovine serum albumin, the pri-
mary antibody (anti-vinculin; 1:500) was added and incu-
bated overnight at room temperature. Then, the secondary
antibody (fluorescein isothiocyanate-conjugated; 1:1000)
and rhodamine-conjugated phalloidin (1:1000) were incu-
bated simultaneously with PDLC microtissues and mono-
layers as well as blank controls for 45 minutes. Finally,
4’, 6-diamidino-2-phenylindole (1:1000) was added for
5 minutes. For fluorescence microscopy, PDLC microtis-
sues, monolayers and blank controls were covered with
phosphate-buffered saline (PBS). Washing with 0.05%
Tween-20 in PBS was performed between each step.
Fluorescence microscopy was performed with a Revolve
microscope. Images were taken in 100-fold magnification
using appropriate fluorescence filters. The focal adhesion
staining was conducted with 6 biological replicates and 2
technical replicates.

29 |
qPCR

RNA isolation, cDNA synthesis, and

For analysis of relative messenger ribonucleic acid
(mRNA) expression of COLIAI, POSTN, VEGF, ANG, IL6
and IL8, ribonucleic acid (RNA) was isolated from PDLC
microtissues and monolayers after 24 hours incubation
on plastic culture dishes, collagen membranes or bone

was followed to isolate RNA from respective samples.
Samples without cells were added as control samples.
After isolation, RNA quality was assessed by the 260/280
ratio in a photometric measurement.

1 Sigma-Aldrich, St. Louis, MO
¥ Qiagen, Hilden, Germany

A high capacity complementary DNA (cDNA) reverse
transcription kit$¥$§ was used to transform total RNA into
cDNA, following the protocol of the manufacturer.

Quantitative polymerase chain reaction (qPCR)
was performed using the following TagMan gene
expression  assays  : COLIAI  (Hs00164004_ml),
POSTN (Hs01566750_m1), VEGF (Hs00900055_ml),
ANG (Hs04195574_sH), IL6 (Hs00985639_ml) and ILS
(Hs00174103_m1). GAPDH (Hs02758991_gl) was selected
as reference gene. Results were generated based on AACT
calculations. PDLC microtissue data from collagen mem-
brane and bone substitute samples were normalized to
PDLC microtissue data from plastic culture dish samples
and PDLC monolayer data from collagen membrane
and bone substitute samples to PDLC monolayer data
from plastic culture dish samples. The qPCR data were
obtained from 5 to 6 different donors and 2 to 3 technical
replicates.

2.10 | Supernatant collection and ELISA
For assessment of protein production of COL1A1, POSTN,
VEGF, ANG, IL6 and IL8, enzyme-linked immunosorbent
assays (ELISA) were performed. Culture supernatant was
collected after the 24 hours incubation period on plas-
tic culture dishes, collagen membranes or bone substi-
E VEGF, 88§
ANG, # were performed follow-
ing the provided protocols of the respective manufacturer.
The ELISA data were obtained from 5 to 6 different donors
and 2 to 3 technical replicates.

2.11 | Statistical analysis

Statistical analysis was performed with SPSS Statis-
tics.¥$885% Quantitative data were expressed and displayed
as mean + SD. Differences between groups were assessed
by the Friedman test, followed by the Wilcoxon test for the
pairwise comparison. Differences were considered signifi-

cant at P <0.05.

§888 Thermo Fisher Scientific, Waltham, MA
" Thermo Fisher Scientific, Waltham, MA
171 R&D Systems, Minneapolis, MN

§888% peproTech Austria, Vienna, Austria
T R&D Systems, Minneapolis, MN

KRN PeproTech Austria, Vienna, Austria
b PeproTech Austria, Vienna, Austria
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FIGURE 1

Bone substitute

Metabolic activity of periodontal ligament cells on collagen membranes or bone substitute. The amount of metabolized

resazurin by PDLC microtissues (black bars) and monolayers (gray bars) on plastic culture dishes, collagen membranes or bone substitute was
measured photometrically after 24 hours. Data from 6 donors in 2 experimental repetitions are displayed as mean + SD, normalized to the

control (culture dish; dashed line)

3 | RESULTS

3.1 | Metabolic activity
Microtissues and monolayers of PDLC (Fig. 1) were both
metabolically active on all surfaces. There was no signif-
icant difference in metabolic activity between PDLC cul-
tures on collagen membranes and bone substitute or the
different types of culture. On all surfaces, resorufin produc-
tion was lower in PDLC microtissues than in PDLC mono-
layers.
3.2 | Focal adhesion
A positive staining of actin filaments, focal contacts and
nuclei could be found in PDLC microtissues on plastic
culture dishes (Fig. 2A). Additionally, outgrowth of sin-
gle cells from the PDLC microtissue onto the plastic cul-
ture dish was observed. Outgrowing PDLC showed a char-
acteristic elongated morphology. On collagen membranes,
staining of actin filaments in PDLC microtissues was dom-
inant and only a few nuclei were visible (Fig. 2A) while the
staining was not positive for focal contacts. On bone sub-
stitute, PDLC microtissues were found between bone sub-
stitute particles and the plastic bottom of the culture dish.
The focal adhesion staining was comparable with the stain-
ing on the plastic culture dish, but no cell outgrowth was
observable (Fig. 2A).

PDLC monolayers showed positive staining for actin
filaments, focal contacts and nuclei with a homogeneous

distribution on the plastic culture dish surface with a
characteristic elongated morphology (Fig. 2B). Similar to
microtissues, PDLC monolayers on collagen membranes
predominantly stained positive for actin filament (Fig. 2B).
Monolayer PDLC on collagen membranes displayed a
small and round morphology, which is rather typical for
non-adhering cells. Monolayers of PDLC seeded onto bone
substitute settled between bone substitute particles and
plastic culture dish surfaces displaying polygonal cell mor-
phologies and showed positive staining for actin filaments,
focal adhesions and nuclei (Fig. 2B). Qualitative findings
of the focal adhesion staining were reproducible and are
shown for all donors in the Supplementary Figure S1.

3.3 | Production of molecular markers at
mRNA levels

At mRNA levels (Table 1; see Supplementary Figure S2),
production of COLIAI and IL6 significantly increased in
PDLC microtissues upon cultivation on bone substitute.
Further, a significant difference was found in production
of VEGF between PDLC microtissue culture on collagen
membranes and bone substitute.

In PDLC monolayers (Table 1; see Supplementary
Figure S2), production of COLIAI and POSTN was
significantly decreased, while production of IL8 was sig-
nificantly increased upon culture on collagen membranes.
On bone substitute, production of COLIAI and ANG
significantly decreased, while production of VEGF, IL6
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FIGURE 2

Collagen
membrane

Bone
substitute

Focal adhesion molecules in PDLC on collagen membranes or bone substitute. Actin filaments (red), focal contacts (green)

and nuclei (blue) of PDLC microtissues (A) and monolayers (B) on plastic culture dishes, collagen membranes or bone substitute were stained

after 24 hours. Images show one representative donor and were taken at 100-fold magnification. The white bar represents a length of 200 um

and IL8 increased significantly. The difference of VEGF
and ANG production was significant between PDLC
monolayer cultures on collagen membranes and bone
substitute.

On collagen membranes, there was a significant differ-
ence of POSTN and ANG production between the two cul-
ture models, PDLC microtissues and monolayers (Table 1;
see Supplementary Figure S2). On bone substitute, produc-
tion of COLIAI and VEGF was significantly different in
PDLC microtissues and monolayers (Table 1; see Supple-
mentary Figure S2).

3.4 | Production of molecular markers at
protein levels

At protein levels (Table 2; see Supplementary Fig-
ure S2), ANG and IL6 production was found to be
significantly increased in PDLC microtissues on bone
substitute, while VEGF production significantly decreased
in the same group. A significant difference was fur-
ther found in IL6 production by PDLC microtissues
between culture on collagen membranes and bone
substitute.

PDLC monolayers (Table 2; see Supplementary
Figure S3) showed a significantly increased protein
production of POSTN upon culture on collagen mem-
branes and of ANG and IL8 upon culture on bone
substitute.

In control groups on plastic culture dishes, a signifi-
cant difference between PDLC microtissues and mono-
layers was detected in production of POSTN and VEGF
(Table 2; see Supplementary Figure S3). On collagen mem-
branes, COL1A1 and IL8 production was significantly dif-
ferent in PDLC microtissues compared with monolayers
(Table 2; see Supplementary Figure S3). On bone substi-
tute, only POSTN production differed significantly in both
culture models (Table 2; see Supplementary Figure S3).

4 | DISCUSSION

Periodontal soft tissue recession and formation of fibrotic
capsules instead of full regeneration of the tissue remain
the major drawbacks after periodontal GTR. Collagen
membranes and bone substitute help to guide the direction
of regeneration and fill the defect, but they fail to support
the periodontal soft tissue to regain its original molecular
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composition and function. Biocompatibility should be
a key feature of a functional GTR system consisting of
a biomaterial together with the biological tissue.”* A
newly developed or improved biomaterial for periodontal
GTR should be validated for its desired features in a
system that is ethically acceptable, technically feasible
and particularly reflects in vivo conditions in a patient.
Therefore, it was suggested that 3D cell cultures could be
suitable to study characteristics of novel and potentially
improved GTR biomaterials in a way that better corre-
sponds to expected reactions in an organism.” In this
study, we compared the reactions of PDLC microtissues
and monolayers to clinically applied collagen membranes
and bone substitute, regarding the most important aspects
of an optimal biomaterial for GTR.%°

One of these aspects is cell viability, which we assessed
by quantification of metabolic activity in this study. PDLC
microtissues and monolayers remained metabolically
active on collagen membranes and bone substitute, which
supports the fact that collagen membranes and bone
substitutes can be safely used in patients as they have
been in clinical use for over 20 years.?” Although PDLC
microtissues seem to be less metabolically active than
monolayers, the difference was not statistically signifi-
cant (Fig. 1). Spheroids of a hepatoma cell line showed
enhanced metabolic gene expression profiles as response
to 3D culturing,”® which does not match the observations
made in the present study. The cell number for PDLC
microtissues that was used in this study was higher than
the reported hepatoma cell spheroids. High cell numbers
lead to the formation of larger spheroids, which causes
the formation of a dense core with reduced cell viability.*’
Future studies will have to assess if PDLC microtissue
size is associated with cell viability and corresponding
pathways. As microtissues consist of many cell layers, it
should be considered that cells in the dense core and cells
on the surface might behave different from each other. To
reveal the contributions of the heterogeneously reacting
cells in a microtissue, microtissue responses will have to
be studied at a single-cell level in future.*’ In the end, a
compromise in cell numbers must be found that is feasible
in handling and more importantly shows similarity to
original tissue behavior, which could be confirmed for
kidney cell spheroids in contrast to monolayers,’' but
remains to be determined for the periodontal ligament.
This will be important to determine the ideal PDLC
microtissue size that mirrors the cellular responsive-
ness to external stimuli of human in vivo periodontal
ligament.

Foreign body reactions form the source of a major pit-
fall in periodontal soft tissue integration. After implanta-
tion of a biomaterial into the defect site, the surrounding
soft tissue will react with an inflammatory response, driven

by macrophages and other immune cells, finally forming a
fibrous capsule at the surface of the inserted material, lack-
ing functional and mechanical requirements of the orig-
inal soft tissue.>’ This fibrous capsule consists of differ-
ent types of collagen® and collagen production is in turn
linked to the assembly of the actin cytoskeleton.** In our
study, positive staining for actin filaments was shown in
PDLC microtissues on collagen membranes, while there
was no staining for focal contacts (Fig. 2, see Supplemen-
tary Figure S1). This finding was reproducible in other
cell donors as well as experimental repetitions (see Sup-
plementary Figure S1), although staining intensities and
tones of color showed some variability due to rather fast
bleaching of the staining and high sensitivity to environ-
mental conditions, like temperature, under which exper-
iments are performed. The focal adhesion staining was
performed 24 hours after seeding PDLC microtissues onto
collagen membranes. Probably, the time point of focal
contact production was missed, since the formation of
focal contacts is a dynamic process.®® This aspect will be
addressed in future by testing different time points. The
same aspect is also of considerable importance for mRNA
and protein production as transcription and translation
differ in duration and timing, which is to be investigated
in a following study. Another possibility is that collagen
membranes have a functional effect on PDLC microtis-
sues by means of increasing actin filament production,
which is currently unknown. Actin filaments are closely
connected to focal adhesion molecules, mediating cellu-
lar attachment,*® which points to a high disposition for
attachment in the analyzed PDLC microtissues on colla-
gen membranes in this study. A previous study on attach-
ment of gingiva cell microtissues supports the hypothe-
sis that periodontal soft tissue-derived cells favor attach-
ment onto collagen membranes rather than on plastic cul-
ture dishes or bone substitute.’” The underlying biological
mechanisms and the meaning for foreign body reactions
remain undiscovered.

The main component of the extracellular matrix in peri-
odontal soft tissue is COL1Al. Our results in PDLC mono-
layers confirm the previously published fact that bone sub-
stitute can decrease COLIAI production® whereas PDLC
microtissues on bone substitute show the opposite effect
with increased levels of COL1AI (Table 1, see Supplemen-
tary Figure S2). This could be of interest regarding the
production of a fibrous capsule, consisting of collagens,**
in response to a foreign material. POSTN is a relevant
molecule that indicates bone formation and periodontal
fibroblast migration.*® The use of collagen membranes
supports POSTN production more than bone substitute in
vivo.**! While at mRNA levels the reported effect was
only significant in PDLC monolayers on collagen mem-
branes (Table 1, see Supplementary Figure S2), at protein
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levels no significant modulation was found (Table 2, see
Supplementary Figure S3).

Proper angiogenesis enables transport of nutrients and
oxygen to regenerated tissues with VEGF and ANG
as known molecular mediators to promote this pro-
cess. In our study, VEGF production in PDLC mono-
layers was increased by culture on bone substitute
(Table 1,Supplementary Figure S2), which is in paral-
lel with current literature in two-dimensional in vitro
models.*” Experiments in vivo demonstrated the opposite
effect where various bone substitute materials downregu-
lated VEGF* as it was also the case in PDLC microtissues
(Table 2, Supplementary Figure S3). It is known that ANG
acts as an enhancer of angiogenesis, for example in skin
when loaded onto a collagen-chitosan scaffold** and that
it is produced by cells from the periodontal ligament.'* Its
role in the human periodontal ligament has not been clar-
ified yet. In our study, ANG protein levels were increased
in both, PDLC microtissues and monolayers on bone sub-
stitute (Table 2, Supplementary Figure S3).

Production of IL6 is upregulated at protein levels in
PDLC microtissues on bone substitute (Table 2, Supple-
mentary Figure S3) and at mRNA levels in PDLC micro-
tissues and monolayers on bone substitute (Table 1, Sup-
plementary Figure S2), unlike osteoblast-like cells on bone
substitute.* The chemokine IL8 was found significant
altered in monolayers of PDLC on bone substitute only,
while all standard deviations of IL8 levels were rela-
tively high. This is due to the fact that this inflamma-
tory response shows high differences in production level
intensities between individual donors, which is visible in
Table 1 and Table 2. As proinflammatory cytokines, IL6
and IL8 are involved in the mediation of inflammatory
reactions and are therefore relevant in the process of for-
eign body reactions.*® Interestingly, PDLC microtissues
produced lower concentrations of IL6 and IL8 than PDLC
monolayers upon culture with collagen membranes and
bone substitute. The meaning of this observation has to
be addressed in future studies since in vivo data on IL6
and IL8 in response of the human periodontal ligament to
implantation of collagen membranes or bone substitute is
still missing, but would contribute to an important aspect
of GTR.

Overall, protein data of this study represent measure-
ments of proteins that were secreted into the supernatant.
Parallel data from total protein could help to gain deeper
insights into functional behavior of PDLC microtissues
compared to monolayers on different surfaces. Established
protocols for total protein isolation were not compatible
with the surfaces used in this study, presumably because of
partial protein absorption by the biomaterials. Thus, exist-
ing protocols are to be adapted in future in order to be
able to deepen knowledge on protein production by PDLC

microtissues. This study focused on molecular markers
for regeneration, angiogenesis and inflammation, which
are important processes during GTR. Besides, influence of
biomechanics is of utter importance for the regeneration of
periodontal ligament as this oral tissue has mechanosens-
ing properties. Currently, our team is evaluating the effect
of mechanical stretch on a range of regenerative molecular
markers in PDLC microtissues and monolayers, which will
be reported in future. Taken together, many of these results
underline a discrepancy between literature in in vitro and
in vivo studies that could be bridged with an in vivo-like in
vitro model.

The main limitations of this study are the difficulty in
choosing the right size of microtissues as well as the miss-
ing clinical data for proper validation of results. Human
periodontal ligament is hard to study in vivo due to
technical limitations and for ethical reasons. The size of
PDLC microtissues in this study was chosen to be quan-
titatively comparable to PDLC monolayers as this makes
quantitative results easier to interpret. Nevertheless, this
choice bears a compromise between comparability, fea-
sibility and current literature reporting functional alter-
ations with increasing microtissue size as reported above.*
Large spheroids are easy to handle and process for exper-
iments, thus, suitable for first insights into their charac-
teristics and functional behavior. To circumvent the zon-
ing in microtissues due to large size and keep the handy
size at the same time, other microtissue shapes could
be tested that allow more diffusion of nutrients*’ or co-
culture with endothelial cells could be developed to mimic
vasculature,*® which becomes essential with growing cell
density.

5 | CONCLUSIONS

Improvement of biomaterials for GTR is of great impor-
tance for periodontal regeneration and requires suitable
testing models. The results of this study demonstrate
how diverse PDLC microtissues and monolayers react
to materials used for GTR in terms of metabolic activity,
adhesion as well as mRNA and protein production of
molecular biomarkers for regeneration, angiogenesis
and inflammation. The statistical differences between
measured effects in PDLC microtissues and monolayers
were not robust enough to confirm a superior suitability
of PDLC microtissues to better reflect in vivo periodontal
ligament tissue. Therefore, more descriptive as well as
mechanistic studies are required to fully understand the
similarities and differences of microtissues to develop
an optimal in vitro testing system that could hopefully
replace animal studies and make clinical trials safer in the
future.
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