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Abstract

Background: Guided bone regeneration (GBR) procedures require barrier membrane fixation to ensure membrane and graft stability.
Recently, innovative resorbable fibrous gelatine membranes have been developed with a coating based on poly(2-oxazoline) (POx) poly-
mer modified with mineral-adhesive alendronate (POx-Ale) and/or amine-reactive N-hydroxysuccinimide groups (POx-OH-NHS) to
obtain bone-adhesive properties. We here assessed the in vivo tissue adhesive properties and the effect on bone growth and biocompat-
ibility of novel GBR membranes in a non-critical rat cranial defect model. Methods: In 60 rats (n = 12 per group), experimental bone
adhesive GBR membranes (POx-Ale, POx-OH-NHS, and POx-Ale/POx-OH-NHS mixture) and control membranes (non-coated control
and collagen Bio-Gide membranes) were evaluated upon application as covers on non-critical cranial defects (¢4 mm). Tissue adherence,
bone growth, biocompatibility, membrane degradation and tissue responses were assessed by macro- and microscopic evaluation after
5- and 14-days implantation. Results: Membrane adherence to bone tissue upon application was significantly higher for POx-Ale (p
=0.003), POx-OH-NHS (p = 0.000), POx-Ale/POx-OH-NHS polymer (p = 0.000), and non-coated membranes (p = 0.006) compared
to Bio-Gide membranes, although this effect was no longer visible after 5 and 14 days of implantation. A lower cohesive strength and
more fragmentations of the POx-coated membranes were detected in comparison to both control membranes. At these short implantation
periods, all membranes showed similar levels of bone regeneration in the cranial bone defect area. Although adverse tissue reactions
were not observed for any of the membranes, POx-coated membranes swelled more than Bio-Gide membranes. Conclusions: Novel
bone adhesive GBR membranes demonstrated improved adherence upon application to bone tissue compared to commercially available
Bio-Gide membranes.
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Introduction

The amount of bone volume in a dental defect has a
significant influence on the initial stability of a dental im-
plant. A strong primary stability upon implant application
is essential for a successful osseointegration, the process
where interfacial bone is formed to envelop the dental im-
plant [1-3]. The long-term stability of a dental implant is
affected by multiple factors, like bone volume, bone qual-
ity, and the location and depth of implant placement [4].
Furthermore, resorption of bone tissue at the tooth extrac-
tion site is mostly unavoidable after tooth removal, which
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can cause up to 50 % bone loss in a year [5,6]. This can
result in significant ridge dimensional changes, bone dehis-
cence, and increased cavities at the tooth extraction site.

Guided bone regeneration is an important technique
to prevent bone resorption and promote implant stability,
but improvements in membrane fixation and biocompati-
bility remain urgently needed. Guided bone regeneration
is a ridge augmentation technique that uses barrier mem-
branes and bone grafts that enable osteoblast infiltration at
the defect surfaces while blocking soft tissue cells that can
impede bone formation [7—10]. Itis essential that the barrier
membranes are fixated to the tissue bed so that it remains
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in place during the initial bone formation phase [11-13].
In general, non-degradable membranes are fixated with ti-
tanium pins that require removal after full bone regenera-
tion in a second surgical intervention. Resorbable mem-
branes are either fixated with resorbable sutures or placed
loosely over the defect with associated risks of membrane
dislodgement or -collapse [7,9,11,14,15]. Tissue adhesives
are potentially valid alternatives for resorbable membrane
fixation but rarely used as current adhesives lack sufficient
bonding strength or good biocompatibility [16—18].

Barrier membranes coated with novel bone adhe-
sive polymers based on poly(2-oxazoline)s (POxs) hold
promise as a barrier membrane and adhesive fixative in one,
thereby overcoming shortcomings of current resorbable
barrier membranes [19]. These POxs are conjugated with
alendronate, a bisphosphonate with a strong affinity to the
mineral content of hydroxyapatite, which enables this poly-
mer (POx-Ale) to adhere to bone tissue [20]. Furthermore,
the functionalization of POx with NHS-ester groups (POx-
OH-NHS) enables covalent binding to amines in blood, soft
and hard tissue, which results in haemostasis and tissue
binding [21]. Membrane prototypes have been created by
coating a fibrous gelatine membrane with a combination of
these polymers and a polyester backing layer to provide suf-
ficient mechanical strength. Initial experiments focused on
the adhesive and cohesive strengths of the novel membranes
and showed their improved initial adherence (<1 day) in ex
vivo and in vivo pig models [22,23]. However, the mem-
brane’s in vivo tissue adhesive properties and biocompati-
bility have not yet been addressed.

In this study we aimed to determine the effect of
the novel membranes on bone/tissue adhesive capabilities,
bone growth, and short-term biocompatibility in a rat cra-
nial model. A non-critical rat cranial defect was used to
assess the membrane’s performance in comparison to an
industrial standard product on the basis of membrane co-
hesion, -stability and -adherence to tissue after 5 and 14
days. Furthermore, histological analysis determined the
membrane degradation, inflammation rate and the amount
of neoformed bone at the defect site after 5 and 14 days.

Methods
Animals

The study was performed at the Central Animal Lab-
oratory of Radboud University according to the Plan-
ning Research and Experimental Procedures on Animals
(PREPARE) guidelines and reported following the Animal
Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines [24,25]. This study is also in compliance with
ISO 10993-6 [26]. Sixty adult male Wistar rats (Hsd-
Cpb:WU; Envigo, Horst, the Netherlands) weighting 380 +
20 g were used. All rats were housed in standard Type 111
cages (1291H; Techniplast, Buggugiate, Italy) in pairs with
food (V1534-000, 919118969; Ssniff, Uden, the Nether-
lands) and water ad libitum. Cages were enriched with nest-
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ing material (14180; Sizzle nest, Plexx, Elst, the Nether-
lands), a gnawing stick and a retreat. After surgery, the re-
treat was replaced by an orange plate over the cage to pro-
tect the rats from rubbing the fresh wound. A standard 12
hours light/dark cycle and a temperature of 22-23 °C were
maintained in the rooms. The animals were randomly as-
signed to their cages and randomly placed on shelves in the
animal room. All rats had a minimum 5-day acclimatiza-
tion period before surgery. Animals were checked at least
twice daily and scored for dehydration, fur, activity, breath-
ing, wounds and cleanliness of the nose and eyes. Prior to
the study, humane endpoints were defined: animals were
to be sacrificed if they showed signs of severe discomfort
(drop in body weight of 20 % or more, compared to starting
weight).

Experimental Design

Animals were divided into five groups, depending on
the applied membrane. Three experimental membranes,
one non-coated control membrane (negative control) and
a commercial barrier membrane used as predicate de-
vice (500622; Bio-Gide, GeistlichPharma AG, Wolhusen,
Switzerland, positive control) were included. In each ani-
mal, two bilateral cranial defects were created (Fig. 1) and
each was covered with a different membrane. Allocation
of the membranes was performed using a block random-
ization, excluding combinations with two identical mem-
branes in one animal. The pairs of membranes were ran-
domly allocated to an animal using the ASELECT function
in Microsoft Excel (Version 2505; Microsoft, Redmond,
WA, USA). Surgeons were blinded for membrane type both
during the surgical procedure and at sacrifice of the animals.
Membranes were implanted for 5 and 14 days to visualize
the inflammatory reactions in wound healing and to visu-
alize the beginning of bone regeneration, respectively. All
membrane types were tested n = 12 per implantation period.

Membranes

Three different experimental membrane types and a
negative control membrane were prepared, containing a
gelatine base layer consisting of three layers gelatine-based
fibrillar Tuft-it® material (GF-7365; 5 x 7.5 cm, Gelita
Medical, Eberbach, Germany) and a polyester backing
layer (5 x 7.5 cm) consisting of poly(lactic-co-glycolic
acid) (PLGA, 8 wt %), poly(L-Lactide-co-e-caprolactone)
(P(LA-CL), 67 wt %), and amine-functionalized poly(2-
oxazoline) (POx-NHs, 25 wt %) to enhance the mechani-
cal strength of the resulting membranes. To create tissue
adhesive characteristics, the gelatine membrane base layer
was coated with either POx-Ale (70/30 %), POx-OH-NHS
(60/20/20 %) or the 1:1 (w/w) combination of POx-Ale and
POx-OH-NHS. Preparation of the POx-polymers for mem-
brane coating was described in detail previously [19,20].

Samples were loaded in the membrane base layer via
dry deposition in two cycles (40 kV, 100 Hz, 20 seconds)
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Table 1. Outcomes and measures used for the evaluation of the experimental- and control membranes.

Parameter Scoring Description
Upon application
0 No adherence Shifting of the membrane over bone defect
. Weak adherence Partial attachment of the membrane
Adhesive strength (membrane) .
Detachment of membrane after pulling the
2 Moderate adherence )
membrane with tweezers
Attachment of membrane, also after pulling
3 Strong adherence .
the membrane with tweezers
After sacrifice
Abscesses (periosteum) Yes/no
0 No redness
. 1 Mild redness
Redness (periosteum)
2 Moderate redness
3 Severe redness
Covering defect (membrane) Yes/no
Detachment (membrane) Yes/no
Swelling (membrane) Yes/no
Displacement (membrane) Yes/no
Tissue encapsulation Yes/no
0 No adherence Shifting of the membrane over bone defect
. 1 Weak adherence Partial attachment of the membrane
Adhesive strength (membrane) .
Detachment of membrane after pulling the
2 Moderate adherence )
membrane with tweezers
Attachment of membrane, also after pulling
3 Strong adherence )
the membrane with tweezers
0 Low cohesion Severe fragmentation of the membrane
Cohesive strength (membrane) 1 Medium cohesion Partial fragmentation of the membrane
2 High cohesion No fragmentation of the membrane
0 0-25% Percentage of all cells in defect area
. . 1 26-50 % Percentage of all cells in defect area
Inflammatory cell infiltration .
2 51-75% Percentage of all cells in defect area
3 76-100 % Percentage of all cells in defect area
0 No evidence No evidence of inflammatory cells at interface
. . Occasional evidence of inflammatory cells
. 1 Occasional evidence )
Ehrlich & Hunt scale at interface
2 Light scattering Light scattering of inflammatory cells at interface
3 Abundant evidence Abundant evidence of inflammatory cells at interface
4 Confluent cells Co.nﬂuent cells or fibres of inflammatory cells
at interface
0 No bone formation No neoformed bone
1 Little bone formation Bony bridging only at defect borders (<50 %)
Neoformed bone 2 Mediate bone formation Bony bridging over partial length of defect (>50 %)
3 Almost complete bone bridging Bony bridging entire span
4 Complete bone bridging Bony bridging entire span and depth defect
0 No soft tissue growth No soft tissue growth in defect area
1 Little soft tissue growth <50 % soft tissue bridging in defect
Soft tissue growth 2 Mediate soft tissue growth >50 % soft tissue bridging in defect area
3 Almost completely filled with soft tissue ~ Complete soft tissue bridging in defect area
4 Completely filled with soft tissue Soft tissue bridging entire span and depth defect
0 No degradation Membrane (almost) complete and intact
. 1 Moderate degradation Membrane fragmentation with at least one large part
Membrane degradation . X .
2 Severe degradation Membrane fragmentation with all small parts
3 Complete degradation No membrane parts visible
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Table 2. Overview of sample retrieval after implantation.

Macroscopic assessment

Histological assessment

Groups
5 days 14 days 5 days 14 days

a  POx-Ale 12 12 14 12
b  POx-OH-NHS 1 12 9t 14
¢ POx-Ale/POx-OH-NHS (1:1) 11* 12 10% 11
d  Non-coated (—control) 12 12 114 12
e  Bio-Gide (+control) 12 12 11t 12
Total 60 60 52 58

*Specimen lost due to premature death of animal. ¥Specimen loss due to technical issues during histological processing. POXx, poly(2-

oxazoline); Ale, alendronate; OH-NHS, N-hydroxysuccinimide.

Fig. 1. Defect model overview. (A) Representative intra-operative image of the membranes placed over the filled cranial bone defects.
Dashed circles indicate membranes covering bone defects (4 mm diameter). (B) Schematic representation of rat calvarial bone defects

(4 mm diameter) created bilaterally.

using a high voltage electrostatic impregnation system (S-
Preg; Fibroline, Limonest, France). On the POx-Ale mem-
brane a total of 0.46 g polymer powder was loaded (5 x 7.5
cm), 0.37 g for the POx-OH-NHS membrane and a total
of 0.43 g powder on the membrane containing both POx-
Ale and POx-OH-NHS (1:1 ratio) polymer. Two layers of
polyester backing were simultaneously adhered to the mem-
brane base layer by pressing two times for three seconds
using a heated iron (150 °C, ~ 30 N; DST3031/20; Philips,
Amsterdam, the Netherlands). Membranes were cut in in-
dividual parts of 8 x 8 mm and dried overnight at 40 °C in
a vacuum oven (201706231301; VWR, Radnor, PA, USA).
Thereafter, membranes were individually sealed under vac-
uum in Alu-Alu pouches (BM00024496-0000; LamiZip,
Daklapack Europe, Lelystad, the Netherlands) and steril-
ized using e-beam in a range from 25-35 kGy (Steris, Men-
tor, OH, USA).

The negative control membrane consisted of a non-
coated control membrane, containing a gelatin base layer
and a polyester backing layer, but without any bone ad-
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hesive coating. The commercial membrane Bio-Gide con-
sisted of natural porcine collagen I and III [27].

Surgical Procedure

Rats were weighed on the day of surgery and re-
ceived analgesia (Buprenorphine, Bupaq; 2308229AF; 0.02
mg/kg, Richter Pharma, Wels, Austria) at least 15 minutes
before surgery. After anesthetizing the animal (Isoflurane,
induction 5 %, maintenance 2.5 % in 1:1 mixture of O, and
pressurized air), the head was shaved from neck to eyes.
The shaven area was cleaned with 70 % ethanol and dis-
infected with iodine tincture. The rat was then placed on
a heat mat with a temperature sensor which maintained the
body temperature between 3638 °C. A pulse oximeter was
clamped onto the foot to monitor heart rhythm and oxygena-
tion of the blood, and a temperature sensor was inserted
in the anus. A sterile hole towel was placed over the rat.
The rats were operated using strict aseptic techniques. The
skin was opened with a surgical blade (nr.10) and a few
drops from the defect of blood were collected for homoge-
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Fig. 2. Skull images after sacrifice. (A) Representative image of closed periosteum after sacrifice. (B) Image of sacrificed rat with
opened periosteum with Bio-Gide® membrane (L) and POx-Ale/POx-OH-NHS membrane (R) 5 days after implantation. (C) Represen-
tative image of membranes (POx-Ale membrane (L), Bio-Gide® membrane (R)) covered with a fibrous layer 14 days after implantation.
POx, poly(2-oxazoline); Ale, alendronate; OH-NHS, N-hydroxysuccinimide.

nizing the Bio-Oss® (500606; GeistlichPharma AG, Wol-
husen, Switzerland) bone substitute. Local analgesia was
applied by a few drops of a mixture (2:1) of Lidocain (10
mg/mL; 18Z3873; Fresenius Kabi, Bad Homburg vor der
Hohe, Germany) and bupivacaine (5 mg/mL; 30102A-1;
Aurobindo Pharma BV, Hyderabad, India) onto the perios-
teum. After at least one minute the periosteum was incised
and elevated. One defect was drilled in each section of pari-
etal bone (Fig. 1A) using a dental drill (2021-1036215; mo-
tor unit: Astratech Elcomed 100, Biirmoos, Austria; hand
piece: MASTERmatic LUX M20 L, KaVo, Biberach, Ger-
many), and a trephine burr with outer diameter of 4 mm
(229L 030, Hager & Meisinger GmBh, Neuss, Germany)
assuring not to damage the dura mater. A mix of Bio-Oss®
S particles and autologous blood was used to fill the created
bone defects and gently pressed on the bone tissue and graft
(Fig. 1B). Adherence of the membrane directly after appli-
cation was scored by two researchers. Subsequently, the
periosteum was closed over the defects with a running su-
ture (Monocryl 6-0, C9260, Ethicon, New Brunswick, NJ,

Sy
CELL® maczziaLs

USA) and the skin was closed with staples. The rats were
allowed to recover in an incubator (30 °C, with added oxy-
gen), after which the animals were placed back in their cage.
At 12, 24, 36 and 48 hours postoperatively the animals re-
ceived analgesia (Buprenorphine, Bupaq, 0.02 mg/kg).

At 5 or 14 days the animals were asphyxiated with
CO; and the skin was carefully reopened. State of the
periosteum, surrounding soft tissues and membrane were
scored and the skull from occipital bone to frontal bone was
excised for histological analyses.

Histological Processing

The skull bones were placed in a 4 % buffered
formaldehyde solution for 48 hours and then in a 10 %
EDTA solution for decalcification. After two to three
weeks, the samples were transferred to 70 % ethanol for
further histological processing. The decalcified bones were
embedded in paraffin and sections (4 ym) were cut and
stained with hematoxylin and eosin (H&E) staining.
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Fig. 3. Stacked bar graph of the scores for membrane adherence upon application per type of membrane. * A statistically significant
difference (p < 0.05), calculated using a Kruskal-Wallis test compared between the experimental membranes and control membranes.

Outcomes and Measures

All outcomes and measures are presented in Table
1. All gradings were scored by two independent re-
searchers. Directly after membrane application, adherence
of the membrane towards bone tissue was graded by testing
the movability of the membrane with tweezers. This score
was introduced for the last 14 rats of the 5-day group and in
all animals of the 14-day group. After sacrifice at day 5 or
14 post-operative, periosteum was scored for the presence
of abscesses and redness, based on the scoring system used
by Buyne et al. [28]. Subsequently, periosteum was opened
and elevated, and the state of the membranes was assessed
regarding coverage of the defect, detachment, swelling and
displacement. In addition, tissue encapsulation was evalu-
ated. The degree of adherence of the membrane to the tis-
sues was graded during a peel off test and subsequently the
cohesive strength of the membrane was scored, both based
on score systems used in previous studies [22,23]. Histo-
logical sections were cut coronally through the midline of
the defect and were assessed on newly formed bone and
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soft tissue growth using a quantifiable grading scale similar
to scales applied in literature [29-31]. Assessments for in-
flammatory cell infiltration were performed by scoring the
percentage of inflammatory cells relative to the total cells in
a histological section and by using an adjusted Ehrlich and
Hunt numerical scale for the presence of immune cells at
the biomaterial interface [32-36]. All histological samples
were assessed by two independent blinded outcome asses-
sors. When the assessors differed in grading, this was dis-
cussed until consensus on the grade was reached.

Data Analyses

Data was collected in Microsoft Excel and statistical
analyses were performed using SPSS software (version 25,
IBM, Armonk, NY, USA). Descriptive data were analysed
by frequency distributions, presented as median with per-
centiles. Bias in defect location was assessed by comparing
left with right defect outcomes. Moment scores (membrane
performance and histological outcomes) of different mem-
brane types were compared and to investigate the tempo-
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Fig. 4. Adhesion and cohesion scores. (A) Stacked bar graph of membrane adherence score at 5 days implantation per type of membrane.
(B) Stacked bar graph of membrane cohesion score at 5 days implantation per type of membrane. Cohesive strength of the six membranes
evaluated in the first three animals were not evaluated due to administrative issues. (C) Stacked bar graph of membrane adhesion
score at 14 days implantation per type of membrane. (D) Stacked bar graph of membrane cohesion score at 14 days implantation per
type of membrane. Statistical analysis calculated with Kruskal-Wallis test comparison between experimental and control membranes.

*Statistically significant difference (p < 0.05).

ral effects, scores at day 5 and 14 were compared for each
membrane type. A Kruskal-Wallis test with Bonferroni cor-
rection was used for ordinal data, and Fisher’s exact test was
used for ordinal data in comparisons of moment scores of
the different membrane types (membrane performance and
histological outcomes). Mann Whitney U test was used for
nominal data and the Fisher’s exact test was used for ordi-
nal data in the comparison between the scores at day 5 and
14 for each membrane type.

Results
General Observations and Specimen Retrieval

One animal prematurely died approximately three
hours after the surgical procedure (membrane POx-OH-
NHS left defect, membrane POx-Ale/POx-OH-NHS right
defect; Table 2), which was related to the general anaes-
thesia. The healing was uneventful for all other animals
without postoperative complications in terms of abscesses,
infections or signs of inflammation (swelling of the surgical
site, redness of skin).

After 5 days, the periosteum completely covered the
membrane upon sacrifice in all except one animal (POx-
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Ale/POx-OH-NHS) (Fig. 2A). No abscesses, wound de-
hiscence or infections were observed in any of the ani-
mals. Two animals (POx-Ale membrane and POx-OH-
NHS membrane, POx-Ale/POx-OH-NHS membrane and
Bio-Gide membrane) showed signs of redness of a large
part of the periosteum covering the membranes (score 2,
moderate redness). Fibrous encapsulation was observed
in one membrane (POx-Ale). One membrane (non-coated
control) was detached and not covering the defect at sac-
rifice, and for nine membranes (three POx-Ale coated,
three non-coated, two POx-OH-NHS, one POx-Ale/POx-
OH-NHS) displacement was observed. None of the mem-
branes showed visible signs of shrinking or tearing. Exper-
imental membranes showed signs of fragmentation while
this was not observed for Bio-Gide membranes (Fig. 2B).

No periosteal redness, wound dehiscence, infections
or abscesses were observed in animals upon sacrifice at
day 14. Except for three membranes (Bio-Gide, non-
coated and POx-OH-NHS), all membranes were covered
with a fibrous capsule that had formed cranially over the
membranes (Fig. 2C). After 14 days, one membrane had
detached (POx-Ale/POx-OH-NHS) and five membranes
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Fig. 5. Swelling scores. (A) Percentage of membranes showing membrane swelling after 5 days implantation per type of membrane. (B)
Percentage of membranes showing membrane swelling after 14 days implantation per type of membrane. Statistical analysis calculated
with Fisher’s exact test comparison between experimental and control membranes. *Statistically significant difference (p < 0.05).

(three Bio-Gide, one POx-Ale/POx-OH-NHS, one non-
coated) showed signs of displacement. In addition, one
membrane (non-coated) was not retrieved upon sacrifice
at day 14. None of the membranes showed visible signs
of shrinking or tearing. No fragmentation of the Bio-Gide
membrane was observed, while experimental membranes
all showed signs of fragmentation similar to membranes at
5 days implantation.

Membrane Performance

Adhesion and Cohesion

No differences in initial membrane adherence between
left and right cranial defects upon membrane application
were found (p = 0.962). All experimental membranes
showed a significantly higher adherence towards bone tis-
sue upon application compared to control Bio-Gide mem-
branes (median (mdn) 0.0 (0.0-0.0)), of which the highest
median adhesion score was for POx-OH-NHS membranes
(mdn 2.0 (0.0-2.0), p = 0.000) followed by POx-Ale/POx-
OH-NHS (mdn 1.0 (1.0-2.5), p = 0.000), POx-Ale (mdn
1.0 (1.0-2.0), p = 0.003) and non-coated membranes (mdn
1.0 (1.0-1.0), p = 0.006) (Fig. 3).

Experimental membranes all showed “weak adher-
ence” towards tissue at specimen retrieval at 5 days im-
plantation (Fig. 4A), with median adherence scores of
1.0 (0.25-1.0) for POx-Ale membranes, 0.5 (0.0-1.0) for
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POx-OH-NHS membranes and 1.0 (0.25-1.0) for POx-
Ale/POx-OH-NHS membranes. No significant differences
between experimental membranes and control membranes
(non-coated (mdn 1.0 (0.0-1.0)) or Bio-Gide membranes
(mdn 1.0 (0.0-1.75)) were found. Median cohesive strength
scores were significantly higher for Bio-Gide membranes
which scored “high cohesion strength” (mdn 2.0 (2.0-2.0))
compared to the “no adhesive strength” for POx-Ale mem-
branes (mdn 0.5 (0.0-1.0), p = 0.000) and “medium cohe-
sion” of POx-OH-NHS membranes (mdn 1.0 (0.0-1.0), p =
0.001), POx-Ale/POx-OH-NHS membranes (mdn 1.0 (0.0—
1.0), p = 0.001, Fig. 4B).

Tissue adherence at 14 days implantation showed “no
adherence” or “weak adherence” scores for the experimen-
tal membranes and control membranes, with medians of 1.0
(0.0-2.0) for POx-Ale, 0.0 (0.0-0.0) for POx-OH-NHS and
0.0 (0.0-0.75) for POx-Ale/POx-OH-NHS, and 0.0 (0.0—
1.75) for non-coated membranes and 0.5 (0.0-2.0) for Bio-
Gide membranes (Fig. 4C). Cohesion of Bio-Gide mem-
branes (mdn 2.0 (2.0-2.0)) was significantly higher com-
pared to POx-OH-NHS and POx-Ale/POx-OH-NHS mem-
branes (mdn 0.0 (0.0-0.0) both membranes, p = 0.000) af-
ter 14 days, while POx-Ale (mdn 1.0 (0.0-1.75)) and non-
coated membranes (mdn 1.0 (0.0-2.0) scored “medium co-
hesion” (Fig. 4D).
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~
Bio-Gide

Fig. 6. Pictures of histological sections, coloured with H&E. Every picture is accompanied by a black bar representing 200 ;sm. Arrows
indicate the defect area, asterisks indicate soft tissue, X indicates neoformed bone, and M indicates membrane regions. (A) Representative
images of histological sections at 5 days implantation, membranes POx-Ale, POx-OH-NHS, POx-Ale/POx-OH-NHS, non-coated control
membrane and Bio-Gide® control membrane, respectively. (B) Representative image of the structure of experimental membrane at 5
days. (C) Representative image of the structure of Bio-Gide® membrane at 5 days. (D) Representative image of newly formed soft
tissue in defect. (E) Representative images of histological sections at 14 days implantation, membranes POx-Ale, POx-OH-NHS, POx-
Ale/POx-OH-NHS, non-coated control membrane and Bio-Gide® control membrane, respectively. (F) Representative image of newly
formed bone. (G) Representative image of the structure of the experimental membrane at 14 days. (H) Representative image of the
structure of Bio-Gide® membrane at 14 days. (I) Representative image of newly formed soft tissue in defect. BO, Bio-Oss. H&E,

hematoxylin and eosin.

Swelling

After 5 days, swelling of the membranes was signifi-
cantly more frequently observed for POx-Ale coated mem-
branes (p = 0.037), POx-OH-NHS (p = 0.000) and POx-
Ale/POx-OH-NHS-coated membranes (p = 0.000) mem-
branes compared to Bio-Gide membranes (Fig. 5A). In ad-
dition, POx-OH-NHS and POx-Ale/POx-OH-NHS-coated
membranes showed more macroscopic membrane swelling
compared to non-coated membranes (p = 0.036 and p =
0.036, respectively). After 14 days, membrane swelling
was significantly more frequently observed for POx-OH-
NHS (p = 0.003 and p = 0.001) and POx-Ale/POx-OH-
NHS-coated membranes (p = 0.000 and p = 0.000) com-
pared to non-coated membranes and Bio-Gide membranes,
respectively (Fig. 5B).
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Histological Observations
General Observations

Eight tissue samples were not assessed histologically
since these samples were lost during histological process-
ing caused by technical issues. These samples included one
POx-Ale membrane, two POx-OH-NHS membranes, one
POx-Ale/POx-OH-NHS membrane, one non-coated mem-
brane, one Bio-Gide membrane (day 5), one POx-OH-NHS
and one POx-Ale/POx-OH-NHS membrane (day 14, Table
2).

Light microscopical analysis of the 5 days implanta-
tion specimens showed similar tissue healing in all speci-
mens (Fig. 6A). The bone defect margins could be clearly
discerned. In most specimens, soft tissue containing con-
nective tissue fibroblasts and inflammatory cell infiltra-
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Fig. 7. Neoformed bone scores. (A) Stacked bar graph of newly formed bone score at 5 days implantation per type of membrane. (B)
Stacked bar graph of newly formed bone score at 14 days implantation per type of membrane.
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Fig. 8. Membrane degradation scores. (A) Stacked bar graph of membrane degradation score at 5 days implantation per type of
membrane. (B) Stacked bar graph of membrane degradation score at 14 days implantation per type of membrane. Statistical analyses
are calculated using Kruskal-Wallis test comparison between experimental and control membranes.

tion was bridging the defects at the side of the dura mater.
Membrane structures were always visible on top/in the de-
fect areas. All experimental- and non-coating membranes
showed open and disintegrated membrane structures (Fig.
6B) in comparison with the denser Bio-Gide membranes
(Fig. 6C). In the majority of the specimens, Bio-Oss gran-
ules were identified which were often enclosed by nuclei-
rich fibrous tissue (Fig. 6D).

Light microscopical analysis of the 14-day implanta-
tion specimens showed comparable tissue- and bone regen-
eration in all treatment groups (Fig. 6E). Defect areas were
filled with soft tissue mainly containing fibroblasts and in-
flammatory cells. Membranes were present on top of the
defects and covered with a fibrous layer. Newly formed
bone tissue was present at the borders of the defects and in
six defects complete bridging of the bone at the bottom of
the defect was visible. New bone (woven) was present in
all specimens (Fig. 6F), except one specimen which was
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covered with a Bio-Gide membrane. All experimental- and
non-coating membranes consisted of more open and disin-
tegrated membrane structures as seen in Fig. 6G. Bio-Gide
membranes showed a dense membrane structure similar to
its structure after 5 days (Fig. 6H). In some of the speci-
mens, Bio-Oss particles were visible, enclosed by a dense
layer of fibrous tissue (Fig. 6I).

Bone Growth

No significant differences in bone growth scores be-
tween the membrane types were present after 5 days (Fig.
7A). In four specimens (1 x POx-OH-NHS, 1 X non-
coated, and 2 x Bio-Gide), limited newly formed bone
was present while in the other specimens no bone forma-
tion was visible. After 14 days, median neobone formation
scores ranged from 1 (bony bridging only at defect borders)
for non-coated and commercial Bio-Gide membranes (mdn
1.0 (1.0-2.0), both) and POx-Ale/POx-OH-NHS (mdn 1.5
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Fig. 9. Inflammatory cell infiltration scores. (A) Stacked bar graph of inflammatory cell infiltrate score at 5 days implantation per

type of membrane. (B) Stacked bar graph of inflammatory cell infiltrate score at 14 days implantation per type of membrane. Statistical

analyses are calculated using Kruskal-Wallis test comparison between experimental and control membranes.

(1.0-2.0) to 2 (bony bridging over partial length of defect)
for POx-OH-NHS (mdn 2.0 (1.0-2.0)) and POx-Ale mem-
branes (mdn 2.0 (1.25-2.0, Fig. 7B). Differences between
highest (POx-Ale and POx-OH-NHS) and lowest amount
of bone regeneration (Bio-Gide) were non-significant (p =
0.447). Except from one defect (14 days, POx-Ale mem-
brane), soft tissue was completely bridging the defect (score
3) or filling the entire span and depth of the defect (score
4) in all animals. No differences regarding bone formation
were observed between the different membrane types or im-
plantation periods.

Membrane Degradation

Membrane fragmentation was observed in all mem-
branes, showing a significant faster degradation of POx-Ale
(mdn 2.0 (1.0-2.0), p = 0.000) and POx-OH-NHS (mdn 1.0
(1.0-2.0), p = 0.023) membranes compared to commercial
Bio-Gide membranes (mdn 0.0 (0.0-0.0)) of which the lat-
ter showed almost intact membranes after 5 days implanta-
tion (Fig. 8A). After 14 days, membrane degradation scores
were low for Bio-Gide membranes (mdn 0.0 (0.0-0.0); Fig.
8B) while POx-Ale (mdn 2.0 (2.0-2.0), p=0.014) and POx-
Ale/Pox-OH-NHS (mdn 2.0 (1.0-2.0), p = 0.000) mem-
branes showed signs of severe fragmentation of the mem-
branes. In none of the membrane types were significant dif-
ferences found in degradation state between 5 and 14 days.

Inflammatory Cell Infiltration

After 5 days, inflammatory cell infiltrate was present
in the defect areas with percentages ranging from 26-50
% (score 2) for membranes coated with POx-OH-NHS
(mdn 2.0 (2.0-3.0)), non-coated control membranes (mdn
2.0 (2.0-2.0) and Bio-Gide membranes (mdn 2.0 (2.0—
3.0)), to 51-75 % (score 3) for POx-Ale (mdn 3.0 (2.0-
3.0)) and POx-Ale/POx-OH-NHS (mdn 3.0 (2.0-3.0) mem-
branes (Fig. 9A). After 14 days, the extent of inflamma-
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tory infiltrate was similar to measurements after 5 days for
all membrane types (26-75 %), except for POx-OH-NHS-
coated membranes which showed a higher inflammatory
cell infiltrate (mdn 4.0 (3.0-4.0, p = 0.000)), and which was
significantly higher compared to non-coated membranes
(mdn 2.0 (2.0-3.0), p = 0.047; Fig. 9B). No differences be-
tween the coated membranes and control membranes were
found, nor were differences between the membranes found
with the Ehrlich & Hunt scale.

Discussion

In the present study, the bone adherence and short-
term biocompatibility of novel tissue adhesive barrier mem-
branes were investigated in a rat cranial defect model to-
ward facilitation of barrier membrane application and im-
proved bone regeneration. Experimental membranes with a
tissue adhesive coating showed a significantly higher bone
adherence upon membrane application compared to com-
mercial Bio-Gide membranes, and animals treated with ex-
perimental membranes showed similar tissue healing. Bone
formation was found in almost all defect sites after 14 days.
However, degradation of the experimental membranes led
to fragmentation from 5 days postoperatively.

Membranes and tissue responses were evaluated af-
ter 5 days, when inflammatory reactions in wound healing
should be highly present and visible, and at 14 days postop-
erative when the first inflammatory responses in a normal
healing process should have disappeared [37,38]. At these
timepoints, when reactions are eminent, differences are
most distinct and clearly visible. However, hardly any ma-
jor changes between inflammatory cell infiltrate between
the two timepoints were observed, regardless of membrane
types. No excessive inflammatory reactions or postopera-
tive complications were present in any of the animals, sug-
gesting mild tissue responses. Superficial fibrous capsules
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formed cranially over the membranes to isolate the foreign
material from the body were present for all membrane types
after 14 days and this corroborates observations in previous
studies with (commercial) barrier membranes [37,39,40].
These foreign body reactions have been described as “bioin-
compatible” processes and might be responsible for accel-
erated degradation of the biomaterial and impeded healing
of the bone defect [41,42]. In contrast, others have postu-
lated advantages of the fibrous layer over the biomaterial
since it allows integration with the connective tissues [14].

As hypothesized, the addition of POx-polymer coat-
ings enhanced the adherence of the membrane toward bone
tissue, which kept the membranes in place immediately
upon application and during wound closure, and hence im-
proved its handling properties. Adherence to bone tissue
ensures stability of the membrane and minimizes membrane
movement, which prevents soft tissue ingrowth and stimu-
lates bone regeneration [43]. Recent studies showed tissue
binding and haemostatic properties of POx-OH-NHS poly-
mer in combination with gelatine membrane base layer as
used in the present study [19,21]. The cross-links between
the POx-OH-NHS polymer and the gelatine layer, blood
proteins and tissues containing amines create a gel which
adheres to the tissue surface. In in vivo and perfusion-based
ex vivo studies using pig models containing blood, similar
adhesive performance of the POx-OH-NHS coatings were
observed [23].

POx-Ale-coated membranes bind by a bone-specific
bonding with the calcium content in bone tissue mineral.
These bone binding characteristics were demonstrated in
previous in vitro, ex vivo and in vivo studies [22,23]. Simi-
lar to our previous ex vivo study [44], we here found an en-
hanced but less strong adherence of POx-Ale-coated mem-
branes in relation to POx-OH-NHS membranes. Strikingly,
non-coated experimental membranes also showed signif-
icantly enhanced adhesive properties towards bone tissue
probably caused by the naturally adhesive properties of the
gelatine base of the membrane [10,45]. Furthermore, the
collagen from Bio-Gide membranes should have a minor
adhesive capacity with blood coagulation, which we hardly
observed in the assessments directly after membrane appli-
cation. In a situation when the bleeding is more intense
and more blood is in contact with the membrane, or when
there is more time between membrane application and as-
sessment, some weak or moderate adherence for the Bio-
Gide membranes should be expected.

After implantation periods of 5 or 14 days, differences
in adherence as seen during application diminished as most
membranes did not move from the wound region. Adher-
ence with the surrounding soft tissues were observed, which
complicated discrimination of soft tissue adherence vs. ad-
herence toward bone tissue. A significantly higher tis-
sue adherence of POx-Ale membranes in comparison with
POx-OH-NHS membranes was found after implantation,
but the relationship between the coating of the membrane
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and the adherence to tissues after implantation is not clear
yet.

A reasonable amount of bone regeneration was present
in the cranial defects after 14 days of implantation. In
some defects, the newly formed bone was bridging the en-
tire defect, which exceeded results in another study us-
ing this model and given the age of the rats [46]. Al-
though alendronate might have bone growth-stimulating
properties related to its anti-osteoclastic efficacy [47,48],
no clear improvements in bone growth were observed for
membranes coated with alendronate-functionalized poly-
mer. Newly formed bone in defects treated with experi-
mental membranes was comparable with the commercial
Bio-Gide membranes of which biocompatibility has already
been proven [49,50], indicating a similar biocompatibility
with bone and surrounding tissues.

Both macroscopic and histological evaluation showed
that the cohesive strength of the experimental membrane
structures was significantly weaker compared to Bio-Gide
membranes. In addition, the degradation of the experimen-
tal membranes had strongly advanced after 5 days. How-
ever, further fragmentation was not visible after 14 days.
Assuming a clinically relevant degradation time of at least 6
weeks for barrier membranes to maintain a barrier function,
the here observed degradation for the experimental mem-
branes is likely is too fast, which might contribute to a faster
and more extensive resorption of bone tissue [41]. Swelling
of the membranes as seen in the coated and non-coated ex-
perimental types might result in compression on the sur-
rounding tissues or exposure of the membrane to the oral
cavity which should be avoided [51]. Furthermore, it might
weaken the interfacial adherence of the membranes [22].
The membrane swelling may be caused by the behavior of
the membrane base which consists of several compressed
layers of gelatine-based fibrillar. Bio-Gide membranes are
denser compared to the experimental membranes, and this
leads to a reduced swelling pattern in the commercial Bio-
Gide membranes. Therefore, different types of membranes
for POx-polymer coating should be considered for guided
bone regeneration applications, preferably absorbable ma-
terials including (crosslinked) collagen as well as synthetic
materials such as (combinations of) polylactic acid and
trimethyl chitosan known to have appropriate mechanical
properties [52].

Although this study proved the adhesive bone-
promoting of the POx-Ale and/or POx-OH-NHS coated
gelatine membranes in the bilateral cranial defect model,
further studies must be performed to optimize the mem-
branes for clinical application. Ideally, studies on the
coating or impregnation of the POx-polymers on differ-
ent materials should be performed to develop tissue adhe-
sive membranes with membrane base layers which already
proved their high standard of mechanical, (low) swelling
and biodegradable characteristics in a clinical setting. Ex-
periments should also be performed on different composi-
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tions of the POx-polymers and/or additional components
(i.e., bone bio-adhesives or nano glues) to find the ideal
configuration for the consolidation of the membrane with
the bone tissue. Subsequently, long term studies should be
performed in which the barrier efficacy, feasibility and bio-
compatibility of the membranes will be investigated until
full thickness bone regeneration. For these studies, critical
defect models in large animals should be used that simulate
more challenging and clinically relevant circumstances in-
cluding the bacterial microbiome of the oral environment
and the movements of the maxillofacial area [53].

The use of a non-critical cranial defect of 4 mm diam-
eter limits the result interpretation in this study, as compara-
ble studies on guided bone regeneration have used critical-
or larger defect models [27,43,46]. We chose this model
because of the accessibility of the bone tissue and minimal
risk of damage to surrounding vital tissues, which decreases
the chances of postoperative complications and facilitated
the evaluation of different treatment options. Also, this
model closely resemblances maxillofacial bone remodeling
and the non-weight-bearing character minimizes the extent
of load and associated challenges in the application area
[54,55]. Moreover, our focus for this study was to compare
the experimental membranes on their in vivo tissue adhesion
capabilities. For further investigation, it is advised to fur-
ther examine the novel membrane’s effect on bone healing
in a critical defect model for a longer period. Furthermore,
the usage of an animal model more resembling the clinical
situation would provide for more reliable outcomes.

A broader comparison could enhance the evaluation of
the experimental membranes’ performance. Currently, dif-
ferent types of resorbable membranes that are used in clini-
cal practice consist of natural membranes made from colla-
gen type I and III, chitosan, or acellular dermal matrix, and
synthetic membranes made from polyglycolic acid, poly-L-
lactic acid, or poly-c-caprolactone [14,56]. Multiple stud-
ies in human and animal subjects have been conducted that
compared the effectiveness of these membrane types, with
Bio-Gide, our choice as positive control group, seemingly
performing the best out of all membranes tested [43,57-59].
Further, the clinical efficacy of Bio-Gide has been validated
through numerous clinical trials and -studies [60—63]. We
deemed the direct comparison of our membrane prototypes
with one well-investigated membrane sufficient for this ini-
tial study, also to avoid unjustified use of a high number of
animals [64]. After selecting one or two best-performing
membrane prototypes, an effectiveness study has to be per-
formed that should include multiple positive control mem-
branes.

Interpretation of histological scoring utilized in this
study should be done with caution due to several inher-
ent limitations. We made use of grading scales to pro-
vide quantifiable histological outcomes. It is known that
a reproducible and meaningful scoring system is a cost-
effective method that improves the robustness of histolog-
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ical outcome evaluation [65]. To minimize observer bias,
the grading in this study was performed by two indepen-
dent, blinded outcome assessors. Still, it remains a chal-
lenge to set up a scoring system that represents a true lin-
ear relationship between grades [66,67]. The histologi-
cal scoring system was deemed adequate for this study,
given that histological analysis was not our primary aim.
Long-term studies focused on membrane biocompatibility
and -degradability would benefit from objective automated
imaging analysis techniques, thereby increasing the study’s
rigor with reproducible reliable data [27,68].

The short evaluation period of 5 and 14 days in
this study provides clear signs but is insufficient for
drawing definite conclusions about membrane stability, -
degradability and -tissue integration. Also, this study did
not detail the molecular mechanisms underlying bone re-
generation and tissue response to the membranes. Anal-
yses such as immunohistochemical evaluation, assays on
osteoblast- and fibroblast proliferation using molecular
markers or real-time quantitative polymer chain reaction
(RT-qPCR), and the chemical characterization of degrada-
tional products through analytical techniques (e.g., high-
performance liquid chromatography, nuclear magnetic res-
onance, Fourier-transform infrared spectroscopy) could en-
rich our current understanding of all biological processes
involved [69,70]. Utilizing these analyses in this study was
deemed unjustified because the primary study aim was to
determine the adhesion capabilities and short-term biocom-
patibility of the experimental membranes, in comparison to
a commercial standard and a non-coated control membrane.
It is recommended that future studies of one or two best-
performing experimental membranes include several of the
aforementioned analytical techniques and a longer evalu-
ation period, to obtain a more complete understanding of
the biological mechanisms that are involved in the implan-
tation and degradation of these POx membranes. Such a
long-term effectiveness- and safety study warrants a high
number of animals, in accordance with current ethical con-
siderations of animal studies [24,64].

Conclusions

This study investigated the adherence efficacy and
short-term biocompatibility of novel bone adhesive barrier
membranes for guided bone regeneration. The addition of
POx-polymer coatings did enhance the adherence of the
membranes towards bone tissue, which is beneficial for ap-
plication of these membranes. Similar tissue healing was
observed in defects treated with bone adhesive barrier mem-
branes compared to commercial Bio-Gide membrane, but
fast fragmentation of the bone adhesive membranes stresses
that different membrane base layers should be used. Over-
all, the POx-polymer coating holds promise as an effective
coating for barrier membrane for guided bone regeneration
procedures, in which it prevents membrane collapse or -
dislocation and improves implant stability.
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