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Abstract: The aim of the present study was to test the sequential and simultaneous release of rhBMP2
and thVEGF165 from poly-L-lysine-heparin (PLL-Hep) polyelectrolyte multilayer (PEM) coating on
titanium surfaces for their ability to enhance periimplant bone formation and CD31 expression
around disc shaped titanium implants (5x 7 mm) in minipig mandibles. Bare titanium surfaces
loaded with respective growth factor combinations served as controls. Ten different surface
conditions were tested exhibiting early VEGF release, early BMP release, simultaneous VEGF and
BMP release and sole VEGF / BMP release, respectively. The implants were inserted press-fit into
5 mm trephine cavities at the lower border of the mandibles of minipigs and left to heal for 4 and 13
weeks. After 4 weeks, there was no significant difference in periimplant bone formation, bone-
implant-contact nor CD31 expression between the different surface conditions. After 13 weeks, bone
formation was significantly higher in the zone of 100 um next to implant surfaces releasing either
BMP alone or with an early release of BMP2. Expression of CD31 has significantly decreased from 4
to 13 weeks with significantly higher values in the group of implants with early release of BMP2. The
results indicate that the range of released growth factors is limited to a distance of appr. 100 um and
that the sequence of early release of BMP2 followed by VEGF165 promotes periimplant bone
formation and periimplant angiogenesis, which is in contrast to the current understanding of the
temporal patterns of growth factor release for enhancement of bone formation.

Keywords: Heparin polyelectrolyte multilayerlbone morphogenic proteinslvascular endothelial
growth factorlcontroﬂed releaselbiofunctionalization

1. Introduction

Titanium implants are widely used for the fixation of various devices to the surrounding or
underlying bone. Formation of new bone tissue around the endosseous implant parts is a biological
key process for the anchorage of the implant surface in viable bone. However, systemic or local
conditions may deteriorate the ability of the periimplant environment to form bone of sufficient
quality or quantity to accomplish this process of osseointegration [1-3]. Various approaches have
been used to enhance the biological quality of titanium implant surface [4-7]. One of the frequently
explored avenues improving the biological interaction between the implant surface and the
periimplant bone has been the binding and release of biologically active substances such as growth
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factors [8-11]. Unfortunately, adsorptive coating of the bare metal surface with growth factors has
been associated with a very rapid release of high dosages, leading to untoward effects with respect
to osseointegration [12-15]. Strategies for more sophisticated binding and release of biologically
active signals encompasses surface engineering using single layers of anchoring molecules as well as
multilayer coatings of various compositions [16-20]. In particular, the use of polyelectrolyte
multilayers employing glucosaminoglycans (GAGs) has been shown to be able to accommodate
growth factors in the ug range with a release kinetic of several weeks [21-23]. The advantage of using
GAGs as polyanions is the naturally occurring interaction with proteins, which is particularly true
for Heparin that additionally provides binding sites for many polypeptide growth factors involved
in osteogenesis such as bone morphogenic proteins (BMPs) and vascular endothelial growth factor
(VEGF) [24].

The layer-by-layer approach of multilayer film constructions on the one hand allows for the
modulation of release kinetics of growth factors by additional cross-linking of the polyelectrolyte
chains [21, 23, 25, 26]. On the other hand, it can be used for a targeted incorporation of individual
growth factors in different layers, thereby giving rise to a differential pattern of release in terms of
sequence and dosage. Recent work has shown that variations in the architecture of polyelectrolyte
multilayer coatings of poly-L-lysine (PLL) and heparin (Hep) as well as the location of growth factors
within the films is important for the amount of the individual growth factor released. Thereby, the
osteogenic and angiogenic properties of these modified surface variations could be modulated in a
targeted manner [27,28].

It was thus the aim of the present study to assess the biological effect of an array of modifications
of PLL-Hep multilayer coatings on microrough titanium surfaces loaded with osteogenic and
angiogenic growth factors. Titanium discs were coated with PLL-Hep multilayer films and loaded
with thVEGF165 and rhBMP2 in different layers within the multilayer film. The square discs were
inserted a large animal model in minipig mandibles and evaluated for their angiogenic activity as
well as for periimplant bone formation and the degree of osseointegration.

2. Materials and Methods
2.1. In Vitro Study

2.1.1. Titanium Specimen Fabrication

[Square titanium discs of 7 x 5 mm (cpTi) discs with a thickness of 1 mm were sandblasted and
acid-etched (KLS Martin, Tuttlingen, Germany) as previously described [18] in 5.1 M hydrochloric
acid and 4.6 M sulphuric acid solution for 300 s by 108 °C. The discs had a trapezoid profile to provide
a sharp cutting edge on both sides for press-fit insertion into trephine holes (see below).

2.1.2. Multilayer coating of Ti discs

Chemicals and reagents were purchased from Sigma-Aldrich (Taufkirchen, Germany) and used
without further purification, unless stated otherwise. For fabrication of PEM films, poly-L -lysine
(30 — 70 kDa) and heparin (50 mg/ml, from porcine intestinal mucosa, sulfate content 2.7/monomer,
specific activity > 180 USP units/mg, molecular weights of polyanion chains ranging from
6 kDa - 30 kDa, with most chains in the range of 17 - 19 kDa) were dissolved in Na-acetate buffer
(20 mM, pH 4.5) at a concentration of 1 mg/ml. Films were constructed semi-automatically using a
dipping robot (DR3, Riegler&Kirstein, Germany). First, the cleaned substrates were soaked into the
polycation solution (PLL) and left there for 5 min until an adsorption equilibrium was established.
Subsequently the samples were washed three times in deionized water to remove unbound
polyelectrolytes. Heparin was adsorbed alike by an incubation for 5 min followed by three rinsing
steps. The film construction was performed by repeating these cycles until reaching the desired
number of double layers and film architecture, respectively. All samples were rinsed in deionized
water and air dried in a gentle stream of pressurized air.
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2.1.3. Variation in film architecture and growth factor loading

Five combinations of film architecture and loading patterns with thBMP2 / rhVEGF165 were
produced on the Ti discs:
a) One (PLL-Hep)multilayer system that was loaded with a rhBMP2 (20-rhBMP2);

b) One (PLL-Hep)o multilayer system that was loaded with thVEGF165 (20-thVEGF165)

c) Two subsequent (PLL-Hep)w multilayer systems for dual growth factor loading using a two-
step procedure: a (PLL-Hep)iomultilayer system was loaded with one growth factor, after
which a second (PLL-Hep)iomultilayer system was added with subsequent loading of the
second growth factor on top (10-rthBMP2-10-thVEGF165).

d) This procedure was modified by changing the sequence of growth factor loading (10-
rhVEGF165-10-rhBMP2).

e) One (PLL-Hep)omultilayer system that was loaded with both growth factors together (20-
rhBMP2+rhVEGF165).

Titanium discs with unloaded (PLL-Hep)o multilayer coatings as well as uncoated bare Ti discs
with adsorptive loading with a single growth factor (thBMP2, rhVEGF165) and two growth factors
(rhBMP2 & rhVEGF165) served as controls. This resulted in 10 different surface conditions to be
tested (Table 1). Discs were evaluated in vitro for the amount of growth factor incorporated and
released and in vivo for the amount of periimplant bone formation and the degree of osseointegration.
Moreover, expression of CD31 was evaluated as angiogenic marker using immunofluorescence
microscopy.

Table 1. Experimental surface designs and growth factor loading (rhBMP2/rhVEGF165).

rhBMP2 (ug/cm?) rthVEGFies (ug/cm?)

Mean SD Mean SD
PLL-HEP10/BMP-2&PLL-HEP10/VEGF 3,8 1,3 55 0,4
PLL-HEP10/VEGF&PLL-HEP1o/BMP-2 59 0,6 5,0 0,7
PLL-HEP20/VEGF+BMP-2 3,5 1,3 45 2,1
PLL-HEP2o/VEGF 44 2,0
PLL-HEP20/BMP-2 57 04
PLL-HEP20
Ti/VEGF+BMP-2 2,9 1,8 4,6 04
Ti/VEGF 49 1,9
Ti/BMP-2 3,1 2,2
Ti Control

2.1.4. Growth factor loading/samples for in vitro release

For in vitro release testing the titanium discs were placed into 3D-printed silicone mounts in
groups of three discs exposing only one side of the disc and were dipped overnight in 160 ul of a
loading solution with either rhBMP2 (75 pg/ml; Chinese Hamster Ovary cell-derived, PeproTech,
Hamburg, Germany) or rhVEGF165 (75 ug/ml; Human Embryonic Kidney 293 cell-derived,
ThermoFischer, GIBCO, Darmstadt, Germany), corresponding to 3 ug per specimen. The discs with
dual growth factor loading were first incubated with rhVEGF165 followed by rhBMP2. The
concentrations of growth factors in the loading solutions for thBMP2 and rhVEGF165 had been
defined during previous experiments [28].
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For the in vivo experiments, the PEM coated and uncoated titanium discs were individually
loaded with growth factors on both sides. The samples were deposited into a single well each with
3D-printed silicone containers and dipped overnight in 80 ul of loading solutions with rhBMP2
(75 pg/ml; Chinese Hamster Ovary cell-derived, PeproTech, Hamburg, Germany) or rhVEGF165
(75 ug/ml; Human Embryonic Kidney 293 cell-derived, ThermoFischer, GIBCO, Darmstadt,
Germany), corresponding to 6 ug growth factor per specimen reservoir. The discs with dual growth
factor loading were first incubated with thVEGF165 followed by thBMP2.

After loading the remaining coating solutions from the individual containers / mounts were
transferred to a reaction tube each for further use and the discs were washed twice with deionized
water and shortly air-dried at RT. The fully prepared discs were stored at 4 °C.

The amounts of rhBMP2 and rhVEGF165 bound to the multilayer systems and the bare Ti
surfaces were determined indirectly from the amount growth factor contained in the loading solution
using the Bicinchoninic Acid (BCA) Protein Assay Kit (ThermoScientific, Darmstadt, Germany) with
bovine serum albumin (BSA) as standard according to manufacturer’s instruction. Absorbance was
measured with an ELISA plate reader (SpectraMax M2, Molecular Devices, San Jose, CA, USA) at
562 nm, RT. All samples were measured in duplicate.

In case of dual loading with growth factors, the supernatant from the second loading procedure
was tested for a possible eluation of the first loaded growth factor during the second loading using
the BMP2 or VEGF enzyme-linked immunosorbent assay (ELISA), respectively, as described below.
The specificity of the ELISAs were tested. Only absorption or between 0.06 — 0.89 % of the
determined amount of the first loaded on the discs growth factor were detected.

2.1.5. Release Experiments

All growth factor loaded titanium discs were placed into 24-well plates and incubated in 250 ul
DMEM supplemented with 2% FCS and 1% penicillin/streptomycin at 37 °C in a 5% CO2
atmosphere, shaking at 70 rpm (Celltron, InforsHT, Einsbach, Germany). The medium was collected
and replaced after 24, 48, 72 h and every 3 days thereafter until day 21. The supernatants were
stabilized with protease inhibitor (ROCHE Diagnostics, Mannheim, Germany). The release profiles
of thBMP2 and rhVEGF165 were assessed using Human/Murine/Rat BMP2 and Human VEGF
Standard TMB ELISA Development Kit (PeproTech, Hamburg, Germany), respectively, according to
the instructions of the supplier. RnBMP2 (PeproTech) or thVEGF-165 (ThermoFisher, Gibco) were
used as standard. Absorbance was measured with an ELISA plate reader (SpectraMax M2) at 450 nm
with wavelength correction set at 620 nm. All measurements were done in duplicate on three
specimens each.

2.2. In vivo study

2.2.1. Sample size calculation

The ten different surface conditions were planned to be evaluated after 4 and 13 weeks each. In
order to maintain a Family-Wise-Error-Rate of 5 % across the comparisons, each comparison was be
performed at level of significance of a =5 %/14 = 0.36 %. A detectable difference in bone formation /
degree of osseointegration was assumed to be relevant at an increase by 10 % starting from 10 % with
a standard deviation of 10 % per interval / surface condition. In order to detect this increase as
significant at an assumed standard deviation of 0=10% within the groups at a significance level of
a=0.36 % and a power of 1- =80 %, a group size of 6 animals was calculated.

2.2.2. Surgical procedures and animal care

A mini pig model was chosen as the bone biology in these animals compares well with human
biology [29]. According to the sample size calculation 12 animals were used (gender: female; age: 2 -
3y, weight 44.6 + 7.6 kg). The animals were randomly allocated to two groups of six animals each for
evaluation after 4 weeks and 13 weeks, respectively. All surgical procedures, housing and animal
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care were carried out in accordance with the German legislation for animal protection and the
regulations for animal experiments of the state of Lower Saxony. The trials were reported and
admitted under the license number 20/3554. Animals were held in groups of 2 — 3 animals in cages
with concrete floor with saw dust bedding and wooden walls. They were allowed to accommodate
for four weeks prior to the beginning of the clinical procedures. All animals presented in good health.
[All surgical procedures were conducted in the animal facilities of the University Medicine
Goettingen following the ARRIVE guidelines [30]. The experiments were conducted between 02/2022
and 06/2022. Sedation and anesthesia as well as the postoperative care were executed by qualified
veterinarians. Initially, a dose of 0.5 mg/kg body weight of Diazepam was administered orally
followed by intramuscular injection of 10 mg/kg body weight Ketamine and 2 mg/kg body weight
Azaperone after approximately 20 minutes. An intravenous catheter was then applied and general
anesthesia was induced with titrated Thiopental until intubation was possible. Anesthesia was
maintained using 2 % - 4 % of Isoflurane, supported by Piritramid and Ketamine to add analgesic
capacity. Eyes were covered with a Dexpanthenole lotion (Bepanthen®©, Bayer AG, 51368 Leverkusen,
Germany).

A bilateral submandibular approach was chosen for surgical access to the mandible. Trephine
holes of 5 mm diameter and 5 mm depth were created at the lower border of the mandible with
vertical bone cuts of 0.5 mm depth at the mesial and distal side created with a fissure burr (Figure 1).
The setting included four more groups with different experimental surface conditions that will be
reported elsewhere (Kauffmann et al. 2025 in preparation).The discs were placed press fit into the
trephine cavities. The allocation of the individual position of the different surface modifications to
the trephine drill holes along the mandibular border was defined by drawing lots. Subsequently, the
periosteum overlying the opening of the cavity was removed to exclude bias in bone formation due
to excessive periosteal bone regeneration and wounds were closed in layers using resorbable sutures
(Vicryl 3.0, Ethicon, Norderstedt).

Figure 1. Clinical picture of implant insertion into the lower border of a minipig mandible.

During the immediate postoperative period (1 week) of both series of operations, animals were
visited twice per day. For reduction of postoperative pain, 0.6 mg Buprenorphin was given twice per
day combined with 5 mg/kg body weight Carprofen intravenously in the first three days. If animals
showed any signs of discomfort 5-7.5 mg/kg body weight Carprofen were administered orally.
After a maximum of five days all animals were well.

2.2.3. Histologic preparation and morphometry
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After 4 weeks and 13 weeks, the mandibles of 6 animals each were retrieved and the implanted
discs with surrounding bone were removed using a diamond saw (EXAKT®, Robert-Koch-Str. 5,
22851 Norderstedt, www.exakt.de) followed by dehydration and embedding into Technovit 9100©
(Heraeus Kulzer GmbH, Philipp-Reis-5tr. 8/13, 61273 Wehrheim, Germany). Thick-section specimens
[31] were produced from each disc and its surrounding bone in a plane parallel to the edge of the
longer side of the discs starting from the lower border of the mandible in upward direction. The
resulting specimens were surface stained using both Toluidin blue and Alzarine-Methylene Blue. For
histomorphometry, the trephine defect area as a whole was evaluated separately from the area
adjacent to the implant surface. The periimplant zone was defined as a 300 um thick layer and was
divided into 3 layers of 100 um thickness each on both sides of the implant cross section, creating an
i) immediate, ii) intermediate and iii) remote tissue layer in relation to the implant surface. Each layer
was divided into three sections: i) one central third and ii) two peripheral thirds next to the wall of
the trephine cavity on both sides. This resulted in 18 distinct areas of periimplant tissue allowing to
assess the effect of distance from the implant surface and distance from the cavity walls on the efficacy
of released growth factors on periimplant bone formation and bone anchorage.

For morphometric evaluation, specimens were scanned using a digital scanning device
(Dotslide-System2.00, Olympus Deutschland GmbH, Wendenstrafle 14-18, 20097 Hamburg,
Germany). The resulting digital image data were analysed using a custom-made Python3 based
image analysis pipeline utilizing the common Python modules scikit-image, matplotlib, opencv and
pandas.

Primary outcome parameters were:

i) Bone area / bone density: the algorithm automatically identified the color of the Alizarine
Red stained areas in the cross-section specimens and assessed the area occupied by bone both
in absolute values (bone formation (BF)) and in in relation to each section area (bone density
(BD)) by pixel counting. Pixels were converted in mm? using the calculated pixel size of
17.43 um?/pixel (Figure 2A & B). Bone density was only evaluated for the trephine defects as
a whole. To account for variations in the appearance of the color of Alizarine Red in the
different and in cases in which the new formed bone covered the entire trephine defect,
parameters were manually adjusted.

ii) Bone implant contact (BIC). The algorithm identified the surface area occupied by bone by
image analysis routines and calculated the bone-implant-contact (BIC) as percentage of
occupied surface area. In brief, the surface of the identified cross-section of the implant was
enlarged by 1 pixel (approx. 4.18 um) and limited to the trephine defect size. The resulting
mask was multiplied with the bone mask and the ratio of those pixel to the entire surface of
the implant was calculated.

Measurements were performed by one blinded examiner, who was calibrated during
introduction to the image analysis system. Outcome parameters were assessed individually for each
cross-section, mean values were calculated for each disc from 3 — 4 cross-sections.

Figure 2. A: Selection of the trephine defect for morphometric evaluation, B: Digitization of the bone area.
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2.2.4. Immunohistochemical preparation and evaluation of immunofluorescence

Technovit embedded thick-section specimens (see Histologic preparation and morphometry) were
mounted on glass slides (Paul Marienfeld GmbH, Lauda-Koenigshofen, Germany). After preparation
of tissue sections with a resulting thickness of 70-100 pm the sections were incubated three times with
xylene, 20 min each and placed three times (twice for 20 min and once overnight) in MEA (2-
methoxyethylacetate, Merck, Darmstadt, Germany). The specimens were then rehydrated in
descending concentrations of ethanol (100 %, 96 %, 70 %, twice for 2.5 min each) and washed twice
in deionized water for 2.5 min each.

For the immunofluorescence staining, the deplasticized and rehydrated bone tissue sections
were incubated in 1x citrate-based TR buffer, pH 6.0 (Target Retrieval Solution, Agilent Dako,
Waldbronn, Germany) for 30 sec at 121°C followed by incubation for 10 sec at 90°C using a standard
pressure cooker (PASCAL 52800, Dako, Hamburg). Subsequently, the sections were incubated for
5 min at room temperature (RT), washed for 10 min in deionized water and lastly washed three times
in PBS for 5 min each. Next, the samples were incubated for 1 h at RT in blocking buffer (10 % goat
Serum Block in PBS, Histoprime Biozol, Eching, Germany). For the detection of CD31, the specimens
were incubated with an anti-CD31 antibody (CD31/PECAM1, Platelet/endothelial cell adhesion
molecule-1, ABIN 726140, 1:100; antikoerper-online.de, Aachen, Germany) at 4 °C overnight. After
washing three times in PBS, 5 min each, the specimens were labeled using the secondary antibody
Alexa Fluor 647 (ab 150079, 1:500; Abcam, Cambridge, UK) by incubation for 1 h at RT followed by
washing three times in PBS for 5 min each. Subsequently, nuclei were counterstained with DAPI
(1:1000; Sigma-Aldrich Merck, Darmstadt, Germany) for 10 min at RT. Finally, the sections were
washed in PBS (three times, 5 min each) and mounted with Fluor Save Reagent (30 min at RT and
overnight at 4°C; Merck Millipore, Darmstadt, Germany).

The antibodies and DAPI were diluted using Antibody Diluent (Agilent Dako, Waldbrunn,
Germany). All incubations, including blocking, were performed in a humidity chamber.

After immunostaining, the specimens were analyzed with the KEYENCE BZ-X710 microscope
(Keyence, Neu Isenburg, Germany) using a Cy5 filter (OP-87766) for detection of the target protein
CD31 and the DAPI filter (OP-87762). Sections stained without the primary antibody served as
controls. One cross sectional specimen of each surface condition per animal was evaluated.
Quantitative analysis was performed on digital images of the specimens at 20-fold magnification
corresponding to an image size of 725 x 543 pm displaying the implant surface at the lower border of
the field of view and periimplant tissue up to a distance of approximately 400 um thickness. Thirteen
images, placed on the upper (7) and lower (6) edge of the cross sections were analyzed. Quantification
of CD31 expression was measured in um? using the BZ-X-Analyzer tool filter for red light, overlay
images with DAPI stained nuclei were used for analysis (Fig 3. A through D).
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Figure 3. A: DAPI stain of nuclei in periimplant tissue (blue); B: Overlay of DAPI stain and CD31 expression
(red); C: Isolation of CD31 positive area; D: Digitization of CD31 positive area.

2.2.5 . Statistics

Data are presented as means + standard deviation (SD). Friedman tests (SPSS Statistics 26.0,
http://support.spss.com) were used to compare bone formation (BF), bone density (BD) and bone-
implant contact (BIC) as well as expression of CD31 between the experimental surfaces. Additional
Wilcoxon tests were used for pairwise comparison. All test were performed at a significance level of
5 %.

3. Results
3.1. In vitro experiments

3.1.1. Growth factor loading

Loading of the (PLL-Hep)x films with rhVEGF165 and thBMP2 alone lead to incorporation of
comparable of 4.4 ug (SD 2.0) VEGF and 5.7 ug (SD 0.4) BMP per cm? surface, respectively (Table 1).
Loading of the (PLL-Hep)10 films with rhBMP2 first and subsequent build-up of an additional (PLL-
Hep)10 film followed by loading with rhVEGF165 resulted in incorporation of less thBMP2 (3.8 ug
(SD 1.3)) and more thVEGF165 (5.5 pg (SD 0.4)). When the sequence was swapped with rhVEGF165
in the lower film system and rhBMP2 in the upper, comparable amounts of growth factors were
loaded into both film systems (rthBMP2: 5.9 (SD 0.6); thVEGF165: 5.0 (SD 0.7). Loading of rhBMP2
and rhVEGF165 in the same (PLL-Hep) film resulted lower loading of rhBMP2 (3.5 ug (SD 1.5) than
rhVEGF165 (4.5 ug (SD 2.1). Loading of bare Ti surfaces with thBMP2 alone resulted in lower
amounts of growth factor bound to the surface when compared to the PLL-Hep film coated discs
whereas loading with thVEGF resulted in adsorption of comparable amount of growth factor as
loading of (PLL-Hep)2o films.

3.1.2. Growth factor release
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During the 21 days interval of in vitro release, the films with a 2-zone architecture with
sequential loading of rhVEGF165 and rhBMP2 into (PLL-Hep)o films each released minimal amounts
of thBMP2, when it was incorporated into the lower zone (0.06 pg/cm? surface, SD 0.01), compared
to the release from the same films loaded with thBMP2 alone (2.59 pg, SD 0.43) (Table 2). In contrast,
the release of rhVEGF165 from the upper layer of the 2-zone architecture was higher than from of the
(PLL-Hep)2o films loaded with VEGF alone (2.63 pg, SD 0.27 vs. 1.70 pg, SD 0.28). This was reversed
when the location of the growth factors was swapped with a slightly increased release of rhBMP2
from the upper zone of 3.03 pug (SD 0.47) compared to loading with thBMP2 alone (2.59 ug, SD 0.43),
whereas the delivery of rhVEGF165 was almost completely suppressed (0.01 pg, SD 0,001) during the
observation period. When both growth factors were loaded together into one (PLL-HEP)2 film, the
release of thBMP2 and rhVEGF165 was at an equal level of 1.96 ug (SD 0.28) and 1.49 pg (SD 0.29)
respectively. Release from the bare metal surfaces rhBMP2 and rhVEGF165 loading alone produced
0.27 pg VEGF (SD 0.02) and 0.36 pug BMP (SD 0.03). Discs with combined loading with both growth
factors released 0.89 pug rhBMP2 (SD 0.66) and 0.16 ug of rhVEGF165 (SD 0.05) on average during the
observation period.

Table 2. Growth factor release (rhBMP2/rhVEGFies) after 21 days.

r hBMP2 (ug/cm?) rthVEGFss (ug/cm?)

Mean SD Mean SD
PLL-HEP10/BMP-2&PLL-HEP10/VEGF 0,06 0,01 2,63 0,27
PLL-HEP10/VEGF&PLL-HEP1o/BMP-2 3,03 0,47 0,01 0,00
PLL-HEP20/VEGF+BMP-2 1,96 0,28 1,49 0,29
PLL-HEP2/VEGF 1,70 0,28
PLL-HEP20/BMP-2 2,59 0,43
PLL-HEP2
Ti/VEGF+BMP-2 0,89 0,66 0,16 0,05
Ti/VEGF 0,27 0,02
Ti/BMP-2 0,36 0,03

3.2. In vivo experiments

Postoperative healing was uneventful. No animal was removed from the evaluation. Analgesic
therapy could be stopped after postoperative 5 days. All 12 animals were included into the
evaluation. During preparation of the specimens, it became obvious that one disc with a (PLL-Hep)2o
multilayer system that was loaded with rhVEGF165 only had been lost. All other 167 discs could be
submitted to the scheduled morphologic and quantitative evaluation.

3.2.1. Histology

4 weeks: Little bone formation was observed after 4 weeks originating from the trephine defect
walls (Figure 4). Sparce bone trabeculae were seen in contact with the surface of the disc implants. In
some defects, trabecular bone formation had occupied more volume, however, this was not
associated with a specific coating or growth factor loading.

13 weeks: Substantially increased bone formation was seen after 13 weeks that almost
completely filled the defect volume in some specimens, again without being associated with a certain
surface condition or growth factor loading. The predominant pattern of immediate periimplant bone
regeneration was characterized by a propagation along the implant surfaces with bone formation
originating from the defect walls (Figure 4). Surfaces with early release of BMP-2 exhibited a higher
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degree of osseointegration with more complete coverage of the implant surface by newly formed
bone.

Figure 4. Micrographs of periimplant bone formation: Top Row: 4 weeks, Bottom Row: 13 weeks, Bar: 2000 um;
A: (PLL-Hep)w multilayer system loaded with rhBMP2 with a second (PLL-Hep)io multilayer system loaded
with thVGEFies on top; B: (PLL-Hep)io multilayer system loaded with thVGEF1e with a second (PLL-Hep)1o
multilayer system loaded with rhBMP2 on top; C: (PLL-Hep)z multilayer system simultaneously loaded with
rthVGEFies and rhBMP2.; D: (PLL-Hep)2z multilayer system loaded with rhVGEFies only; E: (PLL-Hep)2o
multilayer system loaded with rhBMP2 only; F: (PLL-Hep)2o multilayer system without growth factor loading
(control); G: Ti surface loaded simultaneously loaded with rthVGEFies and thBMP2; H: Ti surface loaded with
rthVGEFe only I: Ti surface loaded with rhBMP2 only; K: Ti surface unloaded (control).

3.2.2. Histomorphometry

4 weeks:

Bone formation: After 4 weeks, bone formation in the trephine defects ranged between 4.23 mm?
((PLL-Hep)20/VEGF+BMP2) and 5.79 mm? (uncoated Ti discs loaded with VEGF) with no significant
differences between the experimental surface conditions and the controls (p=0.733) (Figure 5). Bone
density varied between 18.3 % (2-zone architecture with VEGF on top and BMP below) and 26.8 %
(uncoated Ti discs, loaded with BMP) without significant differences (p=0.676). Bone regeneration in
the three periimplant zones (immediate, intermediate and remote layer) was considerably lower
compared to the whole defect volume with amounts of bone formation varying between 0.04 mm?
and 0.36 mm? and bone density ranging between 2.5 and 16.5 %. As with the trephine defects as a
whole, no significant differences were found in the individual zones between the multilayer coatings
loaded with BMP with or without VEGF and the respective control surface conditions (p=0.131,
p=0.063, p=0.111, respectively) (Figure 6). The same held true when the central parts and the
peripheral parts of the periimplant zone immediate to implant surface where considered (p=0.079
and 0.285, respectively) (Figure 7).
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Figure 5. Bone area (mm?) and bone density (%) of newly formed within the trephine defects. Data are presented

as means * standard deviation (SD) with n=6.
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Figure 6. Bone area (mm?) of newly formed within the periimplant zone (300 pm). Data are presented as means

+ standard deviation (SD) with n=6.; *) :significantly different from Ti control surface (p=<0.05).
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Figure 7. Bone area (mm?) of newly formed within the immediate surface layer (100 pm). Data are presented

as means + standard deviation (SD) with n=6. *) :significantly different from Ti control surface (p=<0.05).

Bone-Implant contact: Bone implant contact after 4 weeks showed considerable variation
between the different surface groups ranging between 2.1 % ((PLL-Hep)2 with VEGF loading) and
7.1 % (uncoated Ti discs loaded with BMP) (Figure 8). No significant differences were found between
the multilayer coating loaded with growth factors and the respective controls (p = 0.741).
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Figure 8. Bone-Implant-Contact (%); Data are presented as means + standard deviation (SD) with n=6; *):
significantly different from Ti control surface (p=<0.05), §): significantly different from Ti surface loaded with
BMP2 (p=<0.05).

13 weeks:

Bone formation: After 13 weeks, the area of newly formed bone in the trephine defects varied
between 11.6 mm? (2-zone architecture with BMP on top and VEGF below) and 13.7 mm? (uncoated
Ti discs, loaded with VEGF) (Figure 5). The same held true for bone density of the regenerated bone
within the trephine defects (p=0.381) with values ranging between 56.2 % ((PLL-Hep)2o loaded with
VEGF) and 64.3 % ((PLL-Hep) loaded with BMP) (Figure 5). When the three periimplant zones were
considered, the average area of newly formed bone was not significant different between the various
surface conditions in the intermediate and the remote layer. When the immediate surface layer was
analyzed, the largest area of bone formation in this zone was found in group of implants coated the
(PLL-Hep)2o loaded with BMP (1.75 mm?) and implants with a 2-zone (PLL-Hep)io-architecture with
VEGEF the lower zone and BMP in the upper zone (1.59 mm?). Mean values of these two groups were
significantly higher than the uncoated titanium controls (p=0.046 for both groups), whereas the
remaining surface modifications failed to show significant differences compared to the uncoated /
unloaded Ti controls (Figure 6). When the immediate periimplant zone next to the implant surface
was considered separately for the central and the peripheral parts of the implant surface, a significant
difference in bone formation between the different surface conditions was found only in the central
(p=0.016) but not in the peripheral parts (p=0.186). In the central part, pairwise comparison with Ti
controls showed a significant increase in bone formation only for implants coated with a 2-zone (PLL-
Hep)u-architecture with VEGF in the lower and BMP in the upper zone (p=0.046) (Figure 7).

Bone-Implant contact: Bone implant contact after 13 weeks showed corresponding results to the
amount of bone formation in the immediate surface layer. The highest rate of bone implant contact
was found in the groups of implants coated with (PLL-Hep)2 loaded with BMP (57.9 %), the lowest
in implants with a 2-zone (PLL-Hep)io-architecture with BMP the lower zone and VEGF in the upper
zone (29.8 %) (Figure 8). Statistical analysis showed significant differences between the uncoated /
unloaded Ti controls and i) implants coated with (PLL-Hep)2loaded with BMP (p=0.046), ii) implants
coated with a 2-zone (PLL-Hep)io-architecture with VEGF the lower zone and BMP in the upper zone
(p=0.028) and iii) implants coated with (PLL-Hep)2 loaded VEGF and BMP together (p=0.046).
Implants coated with (PLL-Hep)x loaded with BMP only exhibited also a significantly higher BIC
than implants with bare Ti surfaces loaded with BMP (p=0.046). All other surfaces were not
significantly different to the uncoated / unloaded controls. Moreover, there was no significant
difference between the BMP releasing surfaces.

3.2.3. Immunofluorescence of CD31 expression

4 weeks: After 4 weeks, CD31 expression was strongest immediately adjacent to the implant
surface of implants loaded with growth factors. There was no clear distinction between surfaces
releasing BMP2, VEGF165 or both. The soft tissue overlying the implant surface exhibited a diffuse
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distribution of CD31 expression across the captured thickness (Figure 9). Titanium controls did not
show the stronger positivity of CD31 expression immediately adjacent to the implant surface.

o
100um 100um

100um 100um 100um

Figure 9. Overview of CD31 positive expression after 4 weeks (bar = 100 um); A: (PLL-Hep)iwomultilayer system
loaded with rhBMP2 with a second (PLL-Hep)w multilayer system loaded with rhVGEFi on top,B: (PLL-
Hep)iwo multilayer system loaded with thVGEFies with a second (PLL-Hep)io multilayer system loaded with
rhBMP2 on top; C: (PLL-Hep)2o multilayer system simultaneously loaded with rthVGEFies and thBMP2; D: Ti
surface loaded simultaneously loaded with rhVGEF1es and thBMP2; E: Ti surface loaded with rhBMP2 only; F:
Ti surface unloaded (control).

13 weeks: Expression of CD31 was much more confined to structural elements of the periimplant
tissues such as perivascular tissue or osteoid seams lining bone trabeculae. Implants with bare
titanium surface showed only sparce positivity for CD31 (Figure 10).

100um 100um 100um

100um 100um 100um

Figure 10. Overview of CD31 positive expression after 13 weeks (bar = 100 um); A: (PLL-Hep)1w multilayer
system loaded with thBMP2 with a second (PLL-Hep)w multilayer system loaded with rhVGEF1es on top,B:
(PLL-Hep)1o multilayer system loaded with thVGEFies with a second (PLL-Hep)o multilayer system loaded
with thBMP2 on top; C: (PLL-Hep)2o multilayer system simultaneously loaded with thVGEFies and rthBMP2; D:
Ti surface loaded simultaneously loaded with rhVGEF1e and thBMP2; E: Ti surface loaded with rhBMP2 only;
F: Ti surface unloaded (control).

3.2.4. Histomorphometry of immunofluorescence of CD31 expression
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4 weeks: After 4 weeks, the area of expression of CD31 varied between 6.9 and 30.5 x 10° pm?
(Figure 11). Differences between the individual surface conditions were highly significant (p=0.004).
Discs with a 2-zone architecture with BMP on top and VEGF below and vice versa as well as discs
with dual growth factor loading exhibited the highest mean values that were partially significantly
different when compared to discs with PLL-Hep-coating and single growth factor loading and
significantly higher when compared to unloaded PLL-Hep coated discs (Table 3). Discs with bare Ti
surfaces loaded with growth factor exhibited significantly higher mean values compared to unloaded
Ti discs (Figure 11). Differences between discs with PLL-Hep coating and growth factor loading and
discs with growth factor loaded bare Ti surfaces were not significant.

CD31 Expression

nf 10

ZONEGFHEMP | PLLHEP2O/VEGF PLL 1 PLLHEP2D B2 VEGF

b 10 el B L

2730 208

Figure 11. Area of CD31 positive expression (um? / 10%); Data are presented as means + standard deviation (SD)
with n=6.

Table 3. p-values of pairwise comparisons of CD31 expression after 4 weeks (Wilcoxon-tests).

PLL-

PLL- HEPW/VEG
HEPWBMP  F & PLL-  PLL- PLL- PLL-
2 & PLL- HEPWBMP-  HEPx/VEG HEP»/  HEP»/  PLL- Ti/VEGF+ Ti/BMP  Ti
HEPW/VEGF 2 F +BMP-2 VEGF BMP-2  HEP»  BMP-2 Ti/VEGF -2 Control
PLL-
HEP10/BMP-2¢&
PLL-
HEPw/VEGF
PLL-
HEP1/VEGF &
0.600
PLL-
HEP1/BMP-2
PLL-
HEPx/VEGF 0.463 0753
+BMP-2
PLL-
0.043 0345 0.043
HEP2/VEGF
PLL-
0.028 0.075 0.028 0225
HEP2/BMP-2
0.028 0.028 0.028 0.043 0.075
PLL-HEPx
Ti/VEGE+BMP
0917 0917 0.600
2
0753 0.753 0.686 0.686
Ti/VEGFE
0345 0.753 0345 0.686 0173
Ti/BMP-2

0.028 0.028 0.028
Ti Control

13 weeks: After 13 weeks, the expression of CD31 in periimplant tissues had decreased for all
surfaces resulting in a range between 4.9 and 22.4 x 10% um? (Figure 9). This decrease from 4 weeks
to 13 weeks was significant for all discs with growth factor loaded bare Ti surfaces (p=0.002 for VEGEF-
BMP as well as BMP only loading and p=0.009 for VEGF only loading). Moreover, discs with PLL-
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Hep coating with early VEGF release (2-zone architecture with VEGF on top and BMP below) or
VEGF only release exhibited a significant decrease (p=0.041 and 0.004, respectively). The highest
mean values have been found in the group of discs with a 2-zone architecture with BMP on top and
VEGEF below. This was significantly higher than mean values of the other two PLL-Hep coated discs
with dual growth factor loading (p=0.028 for both comparisons). Moreover, all except one
comparisons between dual growth factor loaded PLL-Hep surfaces and PLL-Hep surfaces with single
growth factor loading exhibited significantly higher mean values than the corresponding Ti controls
(Table 4). Differences between uncoated Ti surfaces with growth factor loading exhibited no
significant differences when compared to the unloaded control Ti surface.

Table 4. p-values of pairwise comparisons of CD31 expression after 13 weeks (Wilcoxon-tests).

PLL- PLL-
HEP1/BMP HEPw/VEG
2 & PLL- F & PLL- PLL- PLL- PLL- Ti
HEP1/VEG HEP10/BMP HEP2/VEG HEP20/ HEP/ PLL- Ti/VEGF+ Ti/BMP Contro
F -2 F +BMP-2 VEGF BMP-2 HEPx BMP-2 Ti/VEGF -2 1
PLL-
HEP1/BMP-
2& PLL-
HEP10/VEGF
PLL-
HEP1/VEGF
0.028
& PLL-
HEP10/BMP-2
PLL-
HEP2/VEGF 0.249 0.028

+BMP-2

PLL-
HEP2/VEGF
PLL-
HEP20/BMP-2

0.028 0.028 0.028

0.046 0.028 0.028 0.028

PLL-HEP20 0.028 0.028 0.028 0.917 0.046
Ti/VEGF+BM
P-2

0.028 0.028 0.028

Ti/VEGF 0.028 0.028 0.028 0.173

Ti/BMP-2 0.028 0.028 0.028 0.917 0.028

Ti Control 0.917 0.249 0.345

4. Discussion

The present study has assessed the effect of dual growth factor loading of a poly-electrolyte
multilayer (PEM) coating of titanium implants on periimplant bone formation and bone-implant
contact as well as the level of angiogenic activity. Heparin had been chosen as polyanion as it is a
naturally occurring component of the intercellular matrix and a large number of polypeptide growth
factors provide binding sites for heparin (Ishihara et al. 2017). Previous in vitro work had shown that
variations in Heparin-PEM film architecture with differential loading of rhVEGF165 and rhBMP2 had
been able to modify the angiogenic and osteogenic properties in a targeted way (Behrens et al. 2022).
In the present study, the in vitro pattern of release of BMP and VEGF had confirmed that the 2-zone
architecture has produced an early angiogenic / osteogenic activity of the experimental surfaces
depending on the growth factor located in the upper zone, whereas the growth factor in the lower
zone did not contribute to the biological activity during this early period. A simultaneous
combination of both angiogenic and osteogenic activity was only achieved when the films were
loaded with BMP and VEGEF together. The idea behind this approach has been to evaluate the effect
of early angiogenic vs. osteogenic activity independently by delivery of the superficially located
growth factor during the initial period of bone healing followed by a late release of the
complementary activity during continuing eluation or degradation of the PEM films and to compare
this sequence with a continuous combined angiogenic and osteogenic activity early on. The
modification of the temporal pattern of release from multilayers loaded with multiple growth factors
has been approached previously using barrier layers of biomimetic Ca-Phosphate [32,33] or
intervening layers of poly-acrylic acid, laponit or chitosan [34-36]. The isolating effect of these


https://doi.org/10.20944/preprints202501.0439.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 January 2025 d0i:10.20944/preprints202501.0439.v1

16 of 20

integrated barriers has been reported to delay the release of the second biological factor by 3 — 70
days [33-35] or reduce the percentage of growth factor release without changing the temporal pattern
of release [36]. A comparable approach to the 2-zone PEM film architecture in the present study has
been used by Shah and coworkers employing up to 120 tetralayers containing thBMP2 covered by
up to 80 tetralayers containing rhVEGFies. Poly-aminoester had been used as polycation combined
with poly-acrylic acid as polyanion for the BMP containing lower zone and condroitinsulfate for the
VEGEF loaded upper layers. This had resulted in a slightly delayed release of thBMP2 from the lower
layers compared to the immediate release of VEGF from the upper zone [27]. In the present study,
the isolating effect of a second zone of only 10 bilayers PLL-Hep on top of the growth factor loaded
zone of 10 bilayers below has been suitable to suppress the release from the lower zone for at least 3
weeks. One possible reason for the long-lasting retarding effect of this rather low number of overlying
double layers may be the fact that heparin has a higher specific affinity for growth factors than many
other anionic partners in PEMs and is a strong polyelectrolyte pairing partner for PLL, which reduces
the diffusivity of PEMs thereby decreasing the release from deeper layers of the constructed PEM
film [37].

The quantitative in vivo results have shown that an effect of the bioactive coating on bone
regeneration was not visible when the total volume of the trephine defect was considered. However,
when the three periimplant zones were analysed separately, it became obvious that significant
differences occurred in the zone immediately adjacent to the implant surface indicating that the range
of growth factors released from the implant surface was limited to a distance of approximately
100 um in the present model. Out of the experimental surfaces only those implants with an early
osteogenic characteristic have shown a significantly increased formation of new bone compared to
the uncoated / unloaded titanium controls in this zone, whereas surfaces with an early angiogenic
release profile did not significantly increase bone formation in the immediate periimplant zone.
When the analysis was focussed even more to the central section of the implant, surfaces with
rhBMP2 loading alone and those with the 2-zone architecture with rhBMP2 in the upper coating zone
showed significantly increased bone formation that was even significantly higher than the uncoated
Ti surface loaded with thBMP2 and thVEGFiss.

The expression of CD31 as a measure for angiogenic activity in the present study has shown a
differential pattern of biological response to the in vitro assessed release profile of both growth
factors. At the early interval of 4 weeks, there was no significant difference in CD31 expression
between the response to the loaded respective growth factors on PLL-Hep coated surfaces vs. the
bare Ti surfaces. Both loading approaches have shown a significant increase over the respective
control surfaces albeit a differential effect of the retarded release from the PLL-Hep coated surfaces
compared to the bare Ti surfaces has not been appreciable at this time. This was different in the 13
weeks interval, where the CD31 expression in the periimplant tissues was significantly decreased in
the groups of bare Ti surfaces to the level of the Ti control surface, indicating that the biological effect
of this loading approach has ceased. In the groups of PLL-Hep coated surfaces distinct differences
could be seen depending on the architecture and growth factor loading of the polyelectrolyte films.
The surfaces with an early BMP2 release from the top layers of the 2-zone architecture or with a
continuous release of BMP2 with or without simultaneous VEGF165 release maintained a level in
CD31 expression after 13 weeks that was not significant from to that after 4 weeks. In contrast,
surfaces with early VEGF release from the top layers of the 2-zone architecture or sustained VEGF
only release have shown a significant decrease in the levels of periimplant CD31 expression from 4
to 13 weeks that nevertheless were still significantly higher than the unloaded PLL-Hep control
surfaces. Moreover, looking at the BMP?2 releasing surfaces, a differential effect of the early BMP2
release from the upper zone of the 2-zone architecture with VEGF165 in the lower zone was visible
with a significantly higher level of CD31 expression compared to surfaces with simultaneous BMP2
/ VEGF165 release and the 2-zone architecture with early release of VEGF165 from the upper zone.

These findings indicate on the one hand, that the biological activity of the growth factors released
from the PLL-Hep multilayer films in the present study has been substantially sustained compared
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to the adsorptive coating of the bare Ti surfaces for at least 3 months. On the other hand, they suggest
that an early and continued release of BMP2 supported by a later release of VEGF165 leads to a higher
level of angiogenic activity than a simultaneous release of both growth factors or an early release of
VEGF with or without by a later release of BMP2. This increased expression of CD31 is paralleled by
a significantly increased bone volume in the group with early BMP release.

Looking at the sequence of angiogenic and osteogenic activities, the results of the present study
appear to be in contradiction to the common appreciation that angiogenesis would preceed
osteogenic activity in order to provide inducible perivascular cells that subsequently undergo
osteogenic differentiation under the influence of ostegenic signalling. The present results suggest that
an initial osteogenic impulse through a pleiotrophic growth factor such as BMP2 [38,39] is more
advantageous by providing a “regeneratome” [40] that is then supported by increased angiogenic
signalling after a period of at least three weeks.

The activity of the released growth factors in the zone immediately adjacent to the surface is
reflected also in the bone implant contact rate where all three BMP-releasing surfaces had shown a
significantly increased percentage of surface area covered with bone. The confined three-dimensional
range of the released growth factor has been confirmed in a recent experimental study in minipigs,
where PEM film coated polymer scaffolds loaded with much higher amounts of rhBMP2 induced
bone formation only in the immediate vicinity of the scaffold [41] without irregular bone formation
outside the scaffold area. The same held true when ectopic bone formation was induced [27] in PEM
coated polymer scaffolds loaded with comparable amounts of thBMP2 and rhVEGFies, where bone
formation was limited to the scaffold surface in a rodent model.

The generally rather low rate of bone formation in the present study compared to previous
reports [27,41] may be accounted for by the experimental model where a trephine defect of 5 mm
diameter is used creating an initially void space that gradually fills up with blood. Other than in
three-dimensional scaffolds, biologically active signals are here presented on a two-dimensional
surface with access to precursor cells originating from surrounding bone tissue that is up to 2 mm
apart from the surface. Given the fact, that the range of released signals is not far beyond 100 um, the
conditions for a specific biological response would be best in the sections of the implant surface that
are in contact with the walls of the trephine defect. As a consequence, formation of new bone would
likely originate from the defect wall propagating along the implant surface rather being induced
simultaneously in multiple spots across the surface. This is confirmed by the morphologic pattern of
bone formation visible in the micrographs of the 13 week specimens.

5. Conclusions

In conclusion, the results indicate that the range of released growth factors in the present model
is limited to a distance of appr. 100 pm leading to an accelerating effect on osteoconductive bone
formation propagating along the implant surface from the defect walls. With respect to dual growth
factor release, the sequence of early release of BMP2 followed by VEGF165 promotes periimplant
bone formation and periimplant angiogenesis, which is in contrast to the current understanding of
the temporal patterns of growth factor release for enhancement of bone formation.
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