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Featured Application: A polynucleotide-hyaluronic acid compound represents a promising tool
to improve soft tissue regeneration. More advanced 3D culture models are required to better
characterize its effects on target cells.

Abstract: (1) Background: Three-dimensional cultures are useful tools to evaluate regenerative
approaches in vitro, as they may mimic the spatial arrangement of cells more closely to natural
tissues than routine 2D culture methods. (2) Methods: We investigated the effects of a polynucleotide,
hyaluronic acid (PN, HA) compound on 3D spheroid cultures of primary gingival fibroblasts, by
measuring their morphology over time, cell viability with Calcein-AM, a fluorescent marker, and
cell growth potential by re-plating spheroids in attachment-permissive regular culture plates under
routine conditions and following them up for 15 days. (3) Results: PN + HA induced an increase
in spheroid size and perimeter and a decrease in spheroid circularity, as cells tended to grow and
form small peripheral stacks around the spheroid. Levels of cell viability were also higher in this
group. After re-plating, only the spheroids previously stimulated with PN + HA dissolved completely
during the second week of culture and colonized the plate, thus indicating the retention of a higher
level of viability by the cells forming the whole spheroid with this stimulus. (4) Conclusions: Taken
together, our data support the idea that the combination of PN and HA has synergic effects on primary
fibroblasts and promotes their viability, the growth of 3D cellular constructs, and the retention of a
remarkable proliferative potential over the course of the experimental period, making it a promising
compound for further investigations.
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1. Introduction

Tissue regeneration is the ambitious goal of a rich research field that aims at recreating
lost tissues using a wide array of approaches. Tissue regeneration and engineering have
therefore prompted the generation of an abundant literature that covers many, if not all,
of their possible clinical applications, including the regeneration of periodontal tissues,
i.e., the tissues that support teeth, including bone, periodontal ligament and gingiva [1].
Periodontal surgery has greatly benefited from the introduction of regenerative treatments,
which help regain the important support tissues lost in common pathologic processes,
such as periodontitis. Although some regenerative techniques are already available in
periodontics and routinely used, limitations in their predictability are still present and fuel
novel lines of investigation on better scaffold materials and improved biological cues [2].
One such possible bioactive compound is polynucleotides, a DNA derivative that has
shown promising results in numerous in vitro cell models, e.g., gingival fibroblasts [3] and
in clinical trials [4-7].
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An extensive number of studies have been published providing a solid rationale for
polynucleotides as “bioreactivating primers” by promoting the physiological restoration
of tissues [8]. Polynucleotides have been shown to act on cells via different mechanisms
including the supply of nucleotides to support DNA duplication, and thus cell viability, cell
growth, wound healing, and synthesis of matrix components [8]. The complexity of tissue
regeneration, however, far exceeds the simple need to promote cell survival and growth.
The notion that tissues are elements formed by the ordered arrangement of cells and matrix
into complex 3D constructs is central to these efforts [9]. This implies that cells should
also be provided with specific signals that may act as instructions to control the geometric
assembly of cells, such as matrix components. Consistent with this idea, a compound of
polynucleotides and hyaluronic acid, a common molecule in extracellular matrices, has
been proposed to facilitate overall tissue regeneration [10-13] as well as to specifically
improve periodontal wound healing [14]. The rationale of this compound is therefore
to provide a stimulus to support viability while mimicking the extracellular matrix and
thus providing provisional support during tissue formation. Such an endeavor, however,
requires appropriate tools for testing.

It has long been acknowledged that 2D cultures, in spite of their simplicity, do not
represent a reliable model of tissue physiology and are not an ideal environment to in-
vestigate tissue engineering [15]. Cells in tissues do not grow, in the majority of cases, as
two-dimensional sheets, but develop in 3D matrices, where the interactions between cells,
the diffusion of soluble mediators, and the access to nutrients radically differ from the
conditions present in a standard culture plate [16]. This also entails that cell reactions to
stimuli in a tissue differ from standard 2D cultures, hence the need to set up in vitro models
that are closer to in vivo conditions [17]. Among the plethora of 3D culture protocols that
are screened and optimized in the literature, spheroids play an important role, as they
are a potent culture model that yet proves quite simple to be managed and can be easily
standardized [18].

We set off to use the spheroid model to investigate the regenerative potential of a
polynucleotide-hyaluronic acid compound on gingival fibroblasts, because, unlike other
scaffold-based models (e.g., Matrigel [19]), spheroids do not require a scaffold and are
therefore suitable to investigate different stimuli that already include a scaffold molecule-
hyaluronic acid, in this case.

The purpose of the present work was, therefore, building on the available evidence on
the effects of polynucleotides (PN), alone or in combination with hyaluronic acid (HA) on
2D cultures of gingival fibroblasts, to further investigate their biostimulatory potential in
a 3D model using spheroids. In particular, we hypothesized that Hyaluronic acid could
improve the effects of Polynucleotides, possibly by providing a provisional extracellular
matrix ersatz to facilitate the 3D arrangement of cells in spheroids.

2. Materials and Methods
2.1. Materials

Polynucleotides (PN, Mastelli s.r.., Sanremo, Italy) comprise DNA of different lengths
obtained from salmon trout gonads through a process maximizing both yield and purity [20].
The compounds we tested in this study are Class III medical devices from the commerce:
PN (2 mg/mL), HA (20 mg/mL), and PN + HA (10 mg/mL PN and 10 mg/mL HA fixed
combination with mannitol).

2.2. Cell Culture

Our cell models are gingival HGF (Human primary fibroblasts; Normal, Human,
Adult from a commercial vendor - ATCC, LGC Standards S.R.L., Milan, Italy). Cells were
cultured in complete Dulbecco modified MEM (DMEM, LifeTechnologies, Carlsbad, CA,
USA) in addition with 10% Fetal Bovine Serum (FBS, LifeTechnologies, Carlsbad, CA,
USA), 4 mM L-glutamine (Merck KGaA, Darmstadt, Germany), 100 IU/mL penicillin and
100 pg/mL streptomycin (PenStrep, Merck KGaA, Darmstadt, Germany), in a humidified
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atmosphere at 37 °C and 5% CO,. We used a Nikon TMS inverted optical microscope
(Nikon, Tokyo, Japan) in phase contrast to follow-up the cell culture. We further used a
Nikon Digital Sight DS-2Mv acquisition system (Nikon, Tokyo, Japan) and NIS Elements F
software (Nikon, Tokyo, Japan) for image analysis.

Upon confluence, we used trypsin—-EDTA (Merck KGaA, Darmstadt, Germany) to
detach cells, we counted and re-plated them in a new vessel. Four experimental groups
were tested: Control, Polynucleotides alone (PN), Hyaluronic acid alone (HA), and a
combination of the two (PN + HA).

To investigate their effects on HGF, we plated and stimulated fibroblasts with either
culture medium (Control) or 100 ug/mL PN or 100 pg/mL HA or 100 ug/mL PN + HA
24 h after seeding.

2.3. Morphometric Analysis

To conduct morphometric analyses, cells were plated at a density of 6 x 10% cells/well
in 96-well plates with a conical and cell-repelling surface, specifically designed for spheroid
cultures (BIOFLOAT™ 96-well U-bottom Plates, faCellitate, Mannheim, Germany). Cells
were stimulated 24 h after seeding and then monitored for a week with an inverted optical
microscope (Nikon, Tokyo, Japan) to observe any changes in spheroids’ shape and size.
The 3D culture images acquired over time were used to carry out a morphometric analysis.
Specifically, we used Image] (U.S National Institutes of Health, Bethesda, MD, USA) to
calculate the area, the perimeter, and the circularity coefficient and investigate the integrity
of spheroids for each experimental condition.

2.4. Cell Viability

LIVE/DEAD assays were performed using Calcein-AM (cAM) and Propidium Iodide
(PI) to label viable and dead cells, respectively. Briefly, spheroids were cultured for one
week and were then transferred into glass-bottomed support, where they were stained for
2 h with cAM (4pg/mL) and PI (2 pg/mL). Images were then collected with the STELLARIS
5 Confocal System (Leica Microsystems, Wetzlar, Germany), equipped with White Light
Laser (WLL) and Diode UV Laser, in combination with HyDS spectral detectors and
equipped with a DMi8 inverted microscope. cAM was excited with WLL at 494 nm and
emission spectral recorded in the range from 499-544 nm and PI with WLL at 549 nm
and emission spectral from 577-720 nm. Images of confocal serial planes (Z STACK) were
acquired using an HC PL APO 10x /0.30, processed through the LAS X software, and shown
as a “Maximum Intensity” projection. For each sample, three spheroids were assayed.

2.5. Cell Behavior

To assess the effect of compounds on cell viability and/or migration, after a week of
culture the spheroids were re-plated on a standard 96-well culture plate. Cultures were
maintained under routine conditions for 15 days and images were collected every other
day by an inverted optical microscope equipped with a camera.

2.6. Statistical Analysis

We used Prism X (GraphPad, La Jolla, CA, USA) to analyze the data. We have expressed
the data as means =+ standard deviation (mean & SD) of repeated experiments. We investi-
gated differences between the experimental group using an ANOVA test and a, as commonly
accepted, we considered p value < 0.05 was considered a statistically significant difference.

3. Results
3.1. PN + HA Promotes the Dimensional Growth of Spheroids

Gingival fibroblasts were cultured for eight days on cell-repelling surfaces in complete
DMEM to form spheroids and then observe possible changes in their morphology. We
assessed that by measuring the longest diameter of the spheroid (Figure 1). The size
of control spheroids remained stable for the whole duration of the experiment, and no
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significant changes were observed. If anything, the diameter of control spheroids tended
to progressively decrease, to about 85% of the original size. Similarly, the addition of
100 ug/mL PN or HA did not significantly affect the size of spheroids over time. Noticeably,
the initial size of the spheroids in the presence of PN or HA was smaller than control
samples (Figure S1). The addition of the PN + HA compound, however, increased the size
of the spheroids, which, by day 5, were significantly bigger than the control ones and ended
up being about 20% larger than their original size (Figure 1).
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Figure 1. Spheroids were cultured on special cell-repellant culture plates and followed up for eight
days. We measured spheroid diameter in vehicle-treated samples (Control) and compared it to
Polynucleotides alone (PN), Hyaluronic acid alone (HA), or Polynucleotides in combination with
Hyaluronic acid (PN + HA) groups, expressed as a percentage of the initial diameter. a = p < 0.05
PN + HA vs. all groups; b = p < 0.01 PN + HA vs. all groups; ¢, d = p < 0.001 PN + HA vs. all groups.

3.2. PN + HA Induces Morphological Changes in Spheroids

To better characterize the morphological changes of spheroids under different con-
ditions, we acquired microphotographs of the spheroids and analyzed them using the
freely available software Image]. Consistently with the measurement of their diameter,
the perimeter of control spheroids remained overall stable from day 3 to day 8 of culture,
though a significant drop was observed between days 2 and 3. No effect on cell perimeter
was instead observed for cells stimulated with PN or HA alone. In contrast, the perimeter
of spheroids stimulated with PN + HA gradually and significantly increased (Figure 2A).
We also assessed spheroid circularity, a shape parameter that ranges from 0 to 1, with 1
meaning a perfect circle and 0 a line. As expected, spheroids generally fared quite high
(around 0.8) on this scale, as they tend to be circular structures. Somewhat in agreement
with the preceding observations, no changes in shape were detected during the eight-day
observation period for Control, PN or HA samples. We, however, observed a significant
and progressive decrease in circularity in PN+HA samples, indicating that the cell clusters
became less circular, because of the presence of localized growth spurs, which were visible
as small cell heaps protruding out of spheroids along their perimeter (Figure 2B).
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Figure 2. Changes in spheroid morphology as determined by Image] analysis. (A) Perimeter and
(B) circularity of spheroids stimulated with vehicle (Control), Polynucleotides (PN) with or without
Hyaluronic acid (PN + HA and HA respectively). a = p < 0.05 PN + HA vs. all groups.
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3.3. PN Preserves the Integrity of Cell Spheroids

A well-visible feature of control spheroids in culture was that a thick cloud of particles
appeared around the spheroid soon after seeding (Figure 3A) and remained throughout the
experiment. These particles can be interpreted as cell debris, as they did not appear to be
compatible with whole cells (based on shape and size), nor with living organisms (based
on metabolic assays, data not shown). The amount of this debris remained quite constant
during the whole experiment. Such particles were not observed around all spheroids, but
they were more abundant in control samples (Figure 3A). Treated samples did not present
nearly as many particles, although samples with HA tended to have slightly more particles
than PN-treated spheroids. We quantitated the particle-covered area around the spheroids
using Image] and plotted it (Figure 3B).
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Figure 3. A thick cloud of particles appeared around the spheroid soon after seeding. (A) Micropho-
tographs of spheroids after eight days of culture under different conditions. Magnification 10x
(B) Quantification of debris area in the different cultural groups over time. The debris area in control
groups is significantly higher than all other groups at all time points.

3.4. PN Increases Cell Viability within Spheroids

We then moved on to investigate cell viability within spheroids, as it can be challenging
for cells to remain viable in these constructs, due to uneven access to nutrients in the
different parts of the spheroid because of its morphology. To do that, we stained spheroids
with calcein-AM, a dye that becomes fluorescent only after being internalized and cleaved
by viable cells, or Propidium Iodide, a compound that, on the contrary, can pass the cell
membrane and enter cells only if they are dead, and observed the samples using confocal
microscopy (Figure 4). Cells in spheroids appeared viable, without detectable dead cells,
and outer cells tended to be more strongly labeled than those insides. A stronger fluorescent
signal of calcein in the peripheral area of spheroids has been previously described in the
literature and appears to be associated with higher esterase activity of the cells in the outer
layer of the cluster [21]. Fluorescence, however, appeared more intense in PN + HA-treated
samples, as compared to HA-treated spheroids, and even when compared to PN alone
(Figure 4).

CTR

Figure 4. Microphotographs of spheroids under different culture conditions after eight days of
culture at Confocal Microscope after labeling with calcein-AM (green) or propidium iodide (red).
Magnification = 10 x.
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3.5. PN Increases Cell Proliferation and Migration from Spheroids

Spheroids are commonly created using special plates that do not allow for cell attach-
ment. Once they get re-plated to regular culture substrate, however, cells within spheroids
can attach to culture plastic and spheroids may disassemble. We investigated whether
our stimuli would promote different behavior in spheroids, once they were replated on
common culture plates under normal culture conditions, i.e., in the absence of further
stimuli (Figure 5), and followed up for 15 days. Noticeably, control spheroids, even after
being re-plated, maintained their shape for the whole 15 days of culture, though a few
cells appeared scattered around spheroids (Figure S2). Treated spheroids, on the contrary,
colonized the culture plate quite evenly, and by day 15 most of the plate surface appeared
covered in viable, dividing cells, although with some remarkable differences. As cells
proliferated and migrated on the plate, the spheroids themselves appeared to disassemble
in the PN + HA treated samples, where they lost their integrity already after one week
of culture (T6), and during the course of the second week of culture they disappeared
completely: by day 15 the plate was covered by a dense layer of cells and no spheroid was
observable (Figure 5). A noticeable decrease in spheroid density was also observed in PN
samples, whereas the spheroids maintained their integrity in HA-alone samples.

% X 4 p
e w el

Figure 5. Microphotographs of spheroids stimulated with (A) vehicle, (B) Polynucleotides,
(C) Polynucleotides and Hyaluronic acid, (D) Hyaluronic acid, after re-plating into regular cul-
ture plates and cultured for 15 days. Spheroids that had been previously cultured in PN + HA
dissolved completely after replating and their cells colonized the new plate. Spheroids previously
cultured under different conditions were mostly retained, although some of their cells did spread out
and grew on the new plates. Magnification 4. Bar = 50 um.

4. Discussion

It has been previously shown that the combination of PN and HA exhibits emerging
properties that clinically support tissue healing and protection [14,22-25]. These have
been investigated using in vitro models that have shown that a combination of PN and
HA promotes cell viability and matrix synthesis in human gingival fibroblasts in regular
2D cultures [26]. However, we concede that standard cultures can only offer very partial
insights into the biological properties of such compounds [27] and we were thus prompted
to pursue a more thorough investigation of these molecules, resorting to spheroids, a more
complex and more challenging in vitro condition. To obtain spheroids, we cultured fibrob-
lasts on special round-bottomed multiwell-plates, whose surfaces had been specifically
treated to inhibit cell attachment. Cells, thus unable to adhere to the substrate, attached
only to one another and formed spheroids very quickly.

Our data suggest that in the absence of stimuli only the cells that were originally seeded
formed spheroids, and this culture condition did not promote cell growth, as the size of
the spheroid remained unchanged over the course of the experiment (Figure 1). The size of
control spheroids tended to slightly decrease over time, and this may be easily interpreted as
a consequence of cell death. This hypothesis is supported also by the presence of abundant
cell debris around control spheroids. Taken together, it can be therefore assumed that gingival
fibroblasts seeded into the plates in the absence of external stimuli promptly formed spheroids
but were unable to further grow. Although most cells apparently survived, a sizable fraction
of the initially plated cells died and detached from spheroids.

The spheroid condition is possibly quite challenging for primary fibroblasts, as these
did not appear to proliferate even in the presence of PN or HA alone, from what can be
inferred from spheroid size measurements. In contrast, the addition of a combination
of PN and HA supported an increase in spheroid size, and thus, possibly, an increase in
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cell number, although alternative explanations cannot be ruled out. It is possible that the
increase in spheroid size is caused by the deposition of abundant extracellular matrix, which
would be consistent with our previous data [3,26], or a combination of both phenomena.
Our present data on spheroid circularity, however, suggest that gingival fibroblasts may
have grown within PN + HA-treated spheroids, or they have migrated and rearranged.
The decrease in spheroid circularity index in PN + HA samples from day 5 on (Figure 2B)
corresponds to the observed apparition of little cell stacks at the periphery of the spheroids
(Figure S1), which indicate that the cells in the outer layers of the cluster did have the
tendency to grow or move out of the spheroid. It has been shown that spheroids are
characterized by strong inequalities in the distribution of their nutrients and oxygen
conditions, and, as a consequence, of cell activity, with peripheral cells more viable than
those in the center, as confirmed by our confocal data [21]. This may have been brought
about by a possible scaffolding activity of hyaluronic acid [28], which may have provided
cells with a provisional matrix on which they could reposition themselves, in combination
with the action of PN, which is known to promote cell viability in several cell models [11].
Interestingly, however, neither HA nor PN alone exerted such an effect on fibroblasts,
suggesting that their combination may have synergic, non-linear effects that should be
further investigated. Similarly, our confocal microscopy observations (Figure 4) attest to
the increased cell viability in the presence of both PN and HA, which would explain why
cells are capable of growing around spheroids under those conditions.

Furthermore, the re-plating experiment (Figure 5 and Figure S2) offered some im-
portant insights into the biology of cells in spheroid models under PN stimuli. One of
the most striking observations is that control spheroids preserved their integrity over a
15-day culture period. This may be interpreted as an indication of a lack of proliferative
potential in these spheroids, which were not able to give rise to a new cell progeny and
colonize the culture plate. HA-treated samples were instead capable to do that, although
spheroids were maintained. This suggests that only a small fraction of the cells that made
up the spheroids participated in the plate colonization process. Cell sprouts appeared
quite late in culture, possibly because only a few cell clones were activated and were
this capable of spreading on the plate once they divided long enough and could migrate,
possibly using the available HA as an aid to enhance their motility. Most of the cells in
HA-treated spheroids, however, remained where they were, and the spheroids maintained
their size and density, as observed by staining intensity. In the presence of PN, on the
contrary, and even more so in the presence of a combination of PN + HA, the spheroids lost
some of their density or were even disassembled completely (Figure 5). This can possibly
mean that the majority of (or all) the cells forming the spheroids were reactivated and
participated in plate colonization. As such, these data can be interpreted as proof that cells
in PN, HA-treated spheroids maintained a higher degree of viability and were available
for further adaptation and migration. Based on the available data it is not possible to
identify how the combination of these stimuli may act this way, possibly by providing both
a scaffold for spheroids and cells to attach and a pro-survival stimulus but the synergy of
these compounds appears capable of maintaining cell viability across the whole spheroid,
unlike the other tested treatments. It can be hypothesized that a combination of PN + HA
provides both an extracellular matrix-like support to cells and a viability stimulus that, by
working in synergy, have an overall positive trophic effect on cultured cells, maintaining
their regeneration potential for a longer time.

5. Conclusions

Further studies are needed to better characterize the biological activity of PN in
combination with HA, underpinning our observations, and more specifically the individual
role of hyaluronic acid and polynucleotides in the physiology of 3D cells clusters, to
optimize such compounds and their clinical effectiveness in tissue regeneration.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app13020743/s1, Figure S1: Spheroid dimensions under different
culture conditions; Figure S2: Spheroid replating.
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