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Abstract

Peri-implantitis, an inflammatory condition affecting dental implants, can pose
challenges both in terms of efficacy and long-term success and in some cases lead to
the loss of dental implants due to loss of surrounding bone. No optimal treatment
approach is yet found as there is still limitations in promoting bone repair and
regeneration. New strategies are therefore needed to facilitate bone regeneration and
to reverse the loss of supportive peri-implantitis tissue.

There is an increasing interest on investigating therapeutic treatments that can
promote cell sprouting and colonization of biomaterials. One such approach is
injectable calcium phosphate-hydrogel composites modified with platelet lysate (PL).
These composites can replicate the properties found in bone and give an optimal
microenvironment which can promote cell recruitment and initiate bone formation. PL
can deliver growth factors, chemo-attractants, calcium and phosphate ions which are
vital for the regenerative process. Hereby we studied the effect of the concentration of
platelet lysate proteins encapsulated in polyethylene glycol (PEG) hydrogels on cell
colonization of the hydrogel matrix. Our aim was to investigate to investigate the effect
of the concentration of platelet lysate proteins encapsulated in polyethylene glycol
(PEG) hydrogels on cell colonization of the hydrogel matrix. For this we used hydrogels
with different PL concentrations. Results showed that cell colonization is visible with
higher PL concentration, however the RGD peptide is essential. The findings suggest
that the combination of PL and RGD in hydrogels have the potential to be an effective
assist in cell migration. However, it is difficult to give any firm conclusions, further

investigations should be done.
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Abbreviations and notations

o-MEM

BCA

BSA

DAPI

CLSM

ECM

hMSCs

PB

PBS

PDL

PEG

PFA

PL

PRP

RGD

TGF

o-minimum essential media
Bicinchoninic acid

Bovine serum albumin
4',6-diamidino-2-phenylindole
Confocal laser scanning microscope
Extracellular matrix

Human mesenchymal stem cells
Phosphate buffer

Phosphate buffered saline
Periodontal ligament
Poly(ethylene glycol)
Paraformaldehyde

Platelet lysate

Platelet-rich plasma
Arginine-glycine-aspartate

Transforming growth factor
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1. Introduction

In the field of dentistry, dental implants have revolutionized the way we can replace
missing teeth by giving a long-lasting and effective solution. Compared to the
traditional options such as dentures and bridges, dental implants are more comfortable
and do not require removal of adjacent teeth structures [1]. They mirror the function
and appearance of a natural tooth, allowing patients to speak, chew, smile with
confidence and preserve the alveolar bone [2].

However, despite their benefits and high success rates, dental implants can fail due to
several factors such as smoking, improper placement of the implants, poor quality of
surrounding bone, design failure, poor oral hygiene, uncontrolled diabetes and
bacterial infection [3]. The most important factor that leads to implant failure is bacterial
infection that causes peri-implantitis [4]. Peri-implantitis is an inflammatory disease that
affects the tissue surrounding the inserted dental implants, which can lead to bone loss
and eventually implant failure [1, 5]. This disease affects around 13% of the population
with dental implants [6]. Compared to inflammation around natural teeth, peri-
implantitis is more aggressive and faster which can lead to implant loss faster than

natural tooth loss [7].

This type of inflammation is driven mainly by bacterial colonisation. When a newly
inserted implant is exposed to the oral cavity, it becomes immediately covered by a
protein layer called the salivary pellicle, and is colonised by oral microorganisms,
forming a microbial biofilm [8]. This development of an adherent plaque layer on the
implant plays an important role in developing peri-implantitis subsequently altering the
implant’s surface biocompatibility [5].

The main difference between the implant and natural tooth is that the implant joins the
bone directly (osseointegration) and the tooth is connected to the adjacent bone via
the periodontal ligament (PDL) [9, 10]. Therefore, the implant lacks innervation [11,
12]. Early stage of peri-implantitis is often asymptomatic, meaning that the patient
experiences no signs of the infection [13, 14]. This leads to delayed detection of
inflammation which requires extensive care and treatment, in most cases with surgical
methods [14] .

Treatment methods for peri-implantitis can be divided into non-surgical and surgical.
Non-surgical approach includes antiseptic, mechanical debridement and use of
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antibiotics. Surgical methods include air powder abrasive, resective and regenerative
surgery [15]. However, as of today there is yet no method that can be defined as an

optimal treatment to fully resolve the inflammation around the implant [16].
To limit or stop the condition, peri-implantitis is treated using two approaches [17]

1) Resective therapy: the goal is etiologic factor elimination and maintenance of
the implant by manual surface cleaning.

2) Regenerative therapy: the goal of which is to reconstruct the lost tissues using
different methods (e.g., guided bone regeneration, grafts and scaffolds)

To limit the complete loss of the surrounding tissue and to enable bone regeneration,
surgical intervention therapy is recommended for treating peri-implantitis [18]. This
includes regenerative therapy which attempts to regenerate bone around the
inflammation sites. Hydrogels can offer a potential solution for tissue regeneration due
to their biocompatibility, composition and provide a 3D scaffold for cell growth and
regeneration. Integrating platelet lysate (PL) with hydrogels can potentially promote

cell adhesion [19].

1.1 Role of extracellular matrix (ECM) and hydrogels

ECM was earlier believed to play a passive role and serve like a glue between cells.
Recent research revealed that ECM plays an important role in tissue formation and
stability [20]. It's a dynamic structure that aid in communication between so called cell-
to-cell signaling. This communication is bidirectional, i.e., cells form and receive

information from ECM and vice versa [21].

Hydrogels are used to mimic the natural ECM as they can provide the needed
structural support for the cells. They can also be tethered with essential chemical
components important for cell signaling and cell adhesion [22, 23]. Hydrogels
composed of star poly(ethylene glycol) (PEG) macromers crosslinked with cell-
cleavable peptides have previously been used as a substitute for natural ECM in vitro
[24]. Cells naturally interact with ECM both chemically and physically. The physical
communication occurs via transmembranous proteins celled integrins. For biologically
inert PED hydrgoels, such communication with cells can only occur after their
functionalization [25]. Synthetic arginine-glycine-aspartate (RGD) peptides have been
used to functionalize the star PEG arms prior to crosslinking to serve as tethering
points for adhesion of cells [24]. It is beneficial to use RGD because it is highly
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reproducible, at low cost compared to isolating natural adhesion proteins from tissues
or cell cultures. It also very small in size when compared to ECM proteins and less
susceptible to degradation. Furthermore, RGD play a major role in cell-to-cell contact,
as well as cell differentiation and morphology [26, 27].

1.2 Use of bioactive molecules

Functionalizing the star (PEG) arms with RGD alone is not sufficient to get tissue
regeneration started by recruitment of regenerative cells from the surrounding healthy
tissues. Bioactive components are highly needed to achieve this, and growth factors
are often added to ECM-substitute materials. In this study, platelet lysate (PL) was
used as a chemoattractant to enhance cell recruitment and migration within the PEG
hydrogel.

1.3 Why PL?

In previous studies, platelet-rich plasma (PRP) has been used to stimulate periodontal
tissue regeneration as it contains many growth factors important for tissue
regeneration [28]. PRP is produced by multiple centrifugations of an isolated platelet
concentrate. When this PRP is lysed either by repetitive freezing and thawing or by
ultrasound disruption, a new product called platelet lysate (PL) is formed [29]. Upon
processing of PL, growth factors get released and unlike PRP, it needs no activation
upon use. These growth factors have insignificant variation which is beneficial when it
comes to prediction of the outcome. In addition, PL contains cell adhesion molecules,
important for adhesion between cells and ECM. PL is a better product to be used when
compared to PRP, as it is easy to store it frozen and thaw on demand [30, 31].
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2 Aim

The aim of the study is to investigate the effect of the concentration of platelet lysate
proteins encapsulated in polyethylene glycol (PEG) hydrogels on cell colonization of
the hydrogel matrix.

2.1 Hypothesis

Based on the research questions introduced above, a general hypothesis for the study

was formulated as follows:

Human MSCs encapsulated in PEG hydrogels sprout out from a cell spheroid and
colonize the hydrogel matrix faster and more efficiently in hydrogels with higher platelet
lysate concentration. The higher the PL concertation, the more effective the cell

colonization.



Materials and methods 10

3 Materials and methods

3.1 Hydrogel preparation for protein release

Hydrogels were produced from the polymer vinylsulfone-functionalized 8-arm PEG
macromers with a molecular weight of 40 kDa (Jenkem Technology, USA). The
macromers were diluted with 100ul of platelet lysate (PL produced by 3Bs at University
of Minho, Portugal, as described in [32]) serially diluted in 25 mM phosphate buffer
(PB) as shown in Table 1. All hydrogels contained 5 wt% polymer. A cross-linking
peptide (Ac-GCRDVPMSMRGGDRCG-NH2; Pepmic Co, China) was pipetted to the
polymer solution to cross-link the macromers into gels. The same cross-linking peptide
was used for all hydrogels produced in this study. Two sets of gels were produced for
this study: PL-loaded and PL-loaded functionalized with2.5 mM cyclic RGD
(Cyclo(RGD(dF)C), AnaSpec, USA). All gels contained 90 vol. % macromers dissolved
in PL solution and 10 vol. % of cross-linker solution. In order to form uniform disk-
shaped gels, the polymer-cross-linker solution was pipetted between two glass slides
(coated with Sigmacote, Sigma-Aldrich) separated using 1 mm spacer. These were
moved to be incubated at 37°C for 30 minutes. After incubation, the gels were
transferred to Eppendorf tubes filled with 700 yl PBS. For the cell invasion study, 30pl
of hydrogels were formed into disks with encapsulated cell spheroids.

Sample 100% PL 75% PL 50% PL 25% PL 10% PL 0% PL
PL stock 100 pl 75 ul 50 ul 25 i 10 pl O ul
25 mM PB O ul 25 i 50 ul 75 ul 90 ul 100 pl

Table 1: PL solutions. Gels contain 90 vol. % macromers dissolved in PL solution and

10 vol. % of cross-linker solution.

3.2 BCA analysis

The Pierce BCA Protein Assay Kit (Thermo Scientific, USA) was used to assess the
amount of total protein released from the PL-loaded hydrogel disks. The given protocol
by the producer was followed. First the BCA working reagent was prepared following
the formula given by the kit. Hydrogel disks were stored in microtubes filled with 700uL
PBS. Plates were incubated for 30 minutes at 37°C. The liquid around the hydrogels
samples were collected at 1, 2, 4, 24, 72 and 168 h. Collected samples were frozen

at -20°C until analysis was performed. Total protein was measured at an absorbance
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of 562 nm. Data are plotted as mean + standard deviation for independent samples

at each timepoint (n=3).

3.3 Cell culture

In this experiment, human mesenchymal stem cells (hMSCs) obtained from a single
donor were purchased from Lonza. hMSCs were cultured at 37°C in a 5% CO2
incubator using FBS-supplemented a-MEM (Thermo Scientific, USA) containing
50 U/ml penicillin, 50 mg/ml streptomycin, and 2 mM GlutaMAX (Gibco, USA) to
maintain the cells in an undifferentiated state. The cells used in this experiment have
been previously characterized for their expression of mesenchymal stem cell markers,
showing high expression of CD105, CD44, CD166, CD73 and CD90. When the cells
became 75% confulent, they were trypsinized for seeding into hydrogels. Experiments

were performed at passage 5 after isolation.

3.4 Cell invasion studies

The cell invasion studies were performed by placing the 1 x 10* cells contained in the
spheroid into gel disk before its gelation. Spheroids were formed by culturing the
hMSCs in non-adherent round-bottomed ultra-low cluster well plates (Corning Inc.,
USA) for 24 h prior to start of the experiment. When the spheroids were formed,
medium was carefully disposed, and a polymer-cross-linker solution was added into
the well to encapsulate the spheroid into the solution before its gelation. The hydrogel
mixture holding the spheroid was pipetted between two hydrophobic glass slides to
produce a hydrogel disk as previously described using hydrogel compositions given in
Table 2. The hydrogel disks with spheroids were then placed in a 24-well plate that
contained 700 pyL PBS. Later on, images of cell spheroids were captured using phase
contrast microscopy at0 h,24 h,48 h,3d, 7d, 10d and 14 d.

100% PL 75% PL 50% PL 0% PL
cRGD stock 0 0/10 0/10 10
PL 90 67.5 45 0
25 mM PB 0 225/12.5 45/35 80
XL 10 10 10 10

Table 1: Hydrogel compositions used in the experiment; numbers given in ul for 100ul

hydrogel solution with 5 wt.% PEG content.
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3.5 Fixation for confocal imaging

At timepoints 48h, 72h, 7d and 14d one gel per group was removed for fixing and
staining for confocal microscopy. Cells were fixed with 4% paraformaldehyde (PFA) for
20 min. The PFA was discarded and the hydrogel samples were washed with PBS
three times. To get the fluorescent label of the F-actin and cytoskeleton, cells were
incubated at room temperature with phalloidin-Alexa Fluor 568 (Invitrogen, USA) 1:400
solution for 1h. The solution was disposed and the samples were washed with PBS
three times. To stain the cell nuclei, DAPI (Invitrogen, USA) was used at 1:1000
working dilution. Samples were imaged with a 20%/0.40 HCX PL APO CSon a Leica
SP8 confocal laser scanning microscope using 638 nm excitation for phalloidin and
405 nm for DAPI.



Results 13

4 Results

4.1 BCA analysis

The results from the BCA analysis provides us with information about the protein
concentration in the samples. A standard curve for protein concentration was
generated using bovine serum albumin (BSA). The known protein concentrations of
serial dilutions of BSA were plotted as a function of measured BCA absorbance as
shown in Figure 1 to calculate the linear relationship between BCA absorbance and
protein concentration. With this formula, we can calculate the unknown concentration

of the test samples.

2500

y =73,022x? + 895,28x - 39,843
2000

. R?=0,9977
i
€ .
E;
2 1500 o
[
R .
© 1000 L@
5 "
Q
S 500 .
O et
@
.
0 (@&
0 0,5 1 1,5 2 2,5
-500
BCA absorbance

Figure 1: BCA analysis. Figure shows the absorbance of known concentrations of
serial dilutions of BSA.

At one hour the most protein release is observed for all PL-loaded hydrogels (Figure
2). The amount of protein release decreases with time. The linear increase of protein
concentration released demonstrates the gradual diffusion of proteins from the PL
hydrogels without any external flushing necessary.
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Figure 2: Protein release for different PL-loaded hydrogels with different PL

concentrations. Protein concentration (y-axis) vs time in hours (x-axis).

A linear increase is observed until timepoint 24 h for concentrations 100%, 75% and
50%. In other words, the protein concentration released is proportional. At 100% it was
calculated that 83% of total protein was released. With the 75% concentration, around
82% of total loaded PL protein was released while 90% of total loaded PL was released
with the 50% concentration. The graph begins to flatten with time. This indicates that
the percentage of total protein released reaches a maximum at a certain timepoint and
proteins are no longer released or are released in too low concentration to be detected
by BCA assay. The flattening of the graph is observed earlier for PL solutions with the
lower concentrations of 10% and 25%. At 25% it was calculated that 51% of
total loaded PL protein was released, while of total loaded PL was released with the

10% concentration.

There is no significant difference in protein release that could be observed at timepoint

1 h between the PL concentration 10% and 25%
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4.2 Cellinvasion

The capacity of infiltration for hMSC spheroids encapsulated in hydrogels was
assessed qualitatively. The assessment is done by taking images of the samples using
phase contrast microscope. Figure 3 show the cell invasion for different PL

concentrations in chronological order.

In Figure 3 it is observed that 0% PL, shows no signs of cells emerging from the
spheroid at the end timepoint 14 days despite the presence of RGD cell-binding ligands
in the hydrogels. Similarly in the 100% PL loaded hydrogel sample without RGD
functionalization, no signs of cellular motility or any other forms of movement were

observed.

Cells encapsulated within RGD-functionalized PL-loaded hydrogels exhibit the most
growth and the fastest growth, whereas this was not observed in the corresponding gel
groups without RGD. Both hydrogels with 50% PL + RGD and 75% PL + RGD showed
visible invasion at day 3 (72 h). The movement of cells from the spheroid increased

with time.
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0%

50 %

50 % RGD

75 %

75 % RGD

100 %

Figure 3: Representative phase contrast images of cell spheroids within the hydrogel
samples with different PL concentrations with or without RGD. Observed at different
timepoints: 0, 3, 7 and 14 days.
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4.3 Confocal imaging

Confocal laser scanning microscopy images show the extent of infiltration/invasion by
immunolabelling of the nuclei (green) and the actin cytoskeleton (red). The invasion
varied among the different samples. Figures 4 to 7 give a qualitative assessment of
cells chemotaxis into the hydrogel matrix to visualize the extent of invasion of the

cells.

Hydrogels with 75% PL without RGD show a more concentrated and condensed
actin cytoskeleton on the Figure 6C compared to the 50% PL sample without RGD.
On the other hand, the 0% PL sample shows no sign of invasion in Figure 4 as there
is no sign of outgrowths from the spheroid. The 100% PL sample also shows no sign

of outgrowth as seen in Figure 7.
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Figure 4. CLSM images of 0% PL hydrogels, at 3 days. Immunolabeling of nuclei
(green) and actin cytoskeleton (red). Scale bar represents 75um.
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Figure 5: CLSM images of 50% PL hydrogels, at 3 days. Immunolabeling of nuclei
(green) and actin cytoskeleton (red). Scale bar represents 100 uym.



Results

20

Figure 6: CLSM images of 756% PL hydrogels, at 3 days. Immunolabeling of nuclei
(green) and actin cytoskeleton (red). Scalebar represents 75 um.
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Figure 7: CLSM images of 100% PL hydrogel, at 3 days. Immunolabeling of nuclei
(green) and actin cytoskeleton (red). Scale bar represents 75 um.
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5 Discussion

In this study we aimed of to investigate which concentration of platelet lysate proteins
gives the best colonization of hydrogel matrix by hMSCs. In other words, we are trying
to find the lowest amount of PL required for the sprouting of cells from encapsulated

cell spheroids.

5.1 What does the BCA analysis tell us?

In all samples we observed a fast linear increase followed by a plateau, suggesting
that the hydrogel has reached its maximum capacity for protein release. The initial
increase in the graph can be explained as the rapid diffusion of proteins from the
hydrogel to the surrounding environment. The rate of diffusion will then decrease as
the total protein concertation decreases leading to the constant line after 24 h. This
indicates the hydrogel has released as much protein as it can and has reached a point
of equilibrium. This point where the rate of protein release is balanced by the rate of
protein uptake or the remaining PL protein fraction is either physically or chemically
entrapped within the PEG hydrogel matrix.

It was observed that at the protein release stops after 24 h for higher concentrations
of 50%, 75% and 100%. However, with lower concentrations the protein release stops
earlier. This gives us a better understanding of PL’s influence on the diffusivity of the
hydrogel. These data suggest that hydrogels with higher PL concentrations will release
more protein in a shorter time that hydrogels containing low concentrations. At higher
platelet lysate concentrations, they can provide more growth factors and other
bioactive molecules that promote protein release. The lower concentrations maintain
their diffusion and have a more sustained release, due to less growth factors and other
bioactive molecules that can be released from the hydrogel.

The diffusion kinetics can be interpreted from the BCA analysis. Comparing the slopes
of the different PL concentrations, we can see that the lower PL concentrations have
a lower slope of the release curve while the higher PL concentrations have higher
slopes. A lower slope indicates a lower concentration gradient between the hydrogel

and the external environment.

Ideally, it is preferred to produce a hydrogel with minimal swelling for periodontal
regeneration [19]. Even though a rapid and high diffusion of protein is observed with

higher PL concentrations, it can have its drawbacks. A higher PL concentration will
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give a higher release of PL which gives more bioactivity. The higher bioactivity will lead
to an increase in the swelling ratio of the hydrogels leading to a reduction in the gelation

kinetics and higher chance of network imperfections [19].

This data is useful to understand the release kinetics of the hydrogel and for optimizing
the design of the hydrogel to promote long term effectiveness of tissue generation. In
addition, it can be used to interpret how much of the PL proteins remain in the hydrogel.
The size of the proteins can play a role since some proteins can be too big to diffuse
through the molecular network of the hydrogels thus influencing cell sprouting and
colonization of the hydrogel [33, 34].

5.2 Is RGD necessary to facilitate cell sprouting in PL-loaded hydrogels?

The functionalization of hydrogels with RGD showed several observations of cell
movement from the spheroid over time. As presented in the results section, cell
migration is visible in hydrogels with 75% + RGD and 50% and RGD. Compared with
the same concentrations that are not functionalized with RGD, there is no movement
of cells in hydrogels that are not functionalized with RGD.

PL does promote cell migration on its own, but it did not provide sufficient amount of
cell adhesion sites on its own as cells were not able to break out from the spheroid in
the 100% PL hydrogel not functionalized with RGD unlike previously reported by
Chahal et al. for adipose tissue-derived mesenchymal stem cells [19]. This goes
against the hypothesis of this experiment since it was hypothesized increasingly more
cell outgrowth would be observed with higher PL concentrations. This can be due to
not centrifugation the PL prior to incorporating it to the hydrogels which can affect the
amount of fibrinogen found in PL. Removing fibrinogen and clotted fibrin from the PL
suspension reduces the amount of proteins that provide adhesion sites for cells in
hydrogels not functionalized with RGD. On the other hand, the presence of fibrinogen
can potentially inhibit cell outgrowth by forming fibrin networks which can trap growth
factors [35, 36]. In addition, RGD on its own also does not provide enough stimulation
to promote cell movement out from the spheroid as seen in the results above with the
0% PL which contained RGD without PL.

The cell movement observation in hydrogels with RGD suggest that this peptide assist
in cell adhesion and migration. This can be explained by looking at the molecular
components of the cells and RGD. Cells contain integrin receptors on their surface
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[37]. These integrin receptors interact with the RGD peptide when they come in contact
with the hydrogel. This interaction will then promote attachment of spreading cells.

Platelet lysates release a variety of growth factors and cytokines, however hydrogels
with only PL show no sign of cell movement. This suggests that the bioactive molecules
in PL can assist cell migration to an extent. While RGD promotes migration by
interacting with integrin receptors, PL has a different mechanism. The active
biomolecules in PL, such as growth factors can activate receptors on the surface of
the cells that take part in cytoskeletal rearrangement and migration [38]. These
receptors initiate intracellular signaling pathways that stimulate migration components
such as actin filaments. Other bioactive molecules found in PL are chemokines such
as CCL2, CCL3, IL-8 and PDGF, which influence stem cell migration [39, 40].

Even though RGD is observed to be vital for cell migration in this experiment, PL is
also needed for enhancing tissue repair and regeneration. This is due to PL containing
molecules such as chemotactic factors, cytokines and growth factors. A growth factor
found in PL is transforming growth factor-beta (TGF- ) that stimulates osteoblast and
fibroblast activity [30]. In addition, PL exerts chemotactic factors that have the effect
to attract cells to the site of tissue injury or regeneration [41]. In all, this can increase

the efficacy of hydrogels functionalized with RGD.
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6 Conclusions

In conclusion, this experiment studied the effects of PL concentration and RGD on the
behavior of the cells in the hydrogel.

The hypothesis in this experiment was that human MSCs encapsulated in PEG
hydrogels sprout out from a cell spheroid and colonize the hydrogel matrix faster and
more efficiently in hydrogels with higher platelet lysate concentration. The higher the
PL concertation, the more effective the cell colonization. In this experiment, it was
observed that cell colonization is visible with higher PL concentration, however the
RGD peptide is essential. The findings suggest that the combination of PL and RGD
in hydrogels have the potential to be an effective assist in cell migration. However, it is
difficult to give any firm conclusions, further investigations should be done. Further
studies need to be done to find the optimal design and to study the long-term effects
of such treatment.
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Appendix

Appendix 1: CLSM images of 75% functionalized with RGD. Immunolabeling of nuclei

(green) and actin cytoskeleton (red).
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Appendix 2: CLSM image of 75% functionalized with RGD. Immunolabeling of nuclei

(green) and actin cytoskeleton (red).





