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Abstract

Tissue integration patterns of non-crosslinked and

crosslinked collagen membranes:

an experimental in vivo study

JIN XIANG

Department of Dentistry
The Graduate School, Yonsei University

(Directed by Professor Seong-Ho Choi, D.D.S., M.S.D., PhD.)

Purpose: Non-crosslinked and crosslinked collagen membranes are known to exhibit
distinct degradation characteristics, resulting in contrasting orientations of the adjacent
tissues and different biological processes. The aim of this study was to conduct a
histomorphometric assessment of non-crosslinked and crosslinked collagen membranes

regarding neovascularization, tissue integration, tissue encapsulation, and biodegradation.

Materials and Methods: Guided bone regeneration was performed using either a non-
crosslinked (BQG) or a crosslinked collagen membrane (CM) in 15 beagle dogs, which were

euthanized at 4, 8, and 16 weeks (n=5 each) for histomorphometric analysis. The samples



were assessed regarding neovascularization, tissue integration, encapsulation, the
remaining membrane area, and pseudoperiosteum formation. The BG and CM groups were

compared at different time periods using nonparametric statistical methods.

Results: The remaining membrane area of CM was significantly greater than that of BG
at 16 weeks; however, there were no significant differences at 4 and 8 weeks. Conversely,
the neovascularization score for CM was significantly less than that for BG at 16 weeks.
BG exhibited significantly greater tissue integration and encapsulation scores than CM at
all time periods, apart from encapsulation at 16 weeks. Pseudoperiosteum formation was

observed in the BG group at 16 weeks.

Conclusions: Although BG membranes were more rapidly biodegraded than CM
membranes, they were gradually replaced by connective tissue with complete integration
and maturation of the surrounding tissues to form dense periosteum-like connective tissue.

Further studies need to be performed to validate the barrier effect of the pseudoperiosteum.

Keywords: Bone regeneration; Bone substitutes; Collagen; Cross-linking reagents

vi



Tissue integration patterns of non-crosslinked and

crosslinked collagen membranes:

an experimental in vivo study

JIN XIANG

Department of Dentistry
The Graduate School, Yonsei University

(Directed by Professor Seong-Ho Choi, D.D.S., M.S.D., PhD.)

I. INTRODUCTION

The principle of guided bone regeneration (GBR) can be primarily explained by
the role of the barrier membrane. The barrier membrane covers a bone defect, thereby
creating a secluded space for bone-forming cells to proliferate and regenerate the alveolar
bone, and at the same time, it occludes the overlying soft tissues and prevents them from
infiltrating the defect space. Resorbable collagen membranes are now the most frequently
used barrier membranes for GBR [1](Sanz-Sanchez et al. 2015) due to the absence of a
need for membrane removal, the ease of surgical manipulation and spontaneous healing
after the incidence of membrane exposure. Nonetheless, the use of resorbable membranes
is limited by their low capacity for space maintenance and rapid resorption rate

[2](Bunyaratavej et al. 2001). Therefore, attempts have been made to slow the resorption



rate and prolong the duration of action.

Crosslinking of collagen fibers has been advocated to improve resistance to
enzymatic degradation. Various physical and chemical crosslinking agents have been tested,
such as ribose, glutaraldehyde, and ultraviolet rays; however, many of them have exhibited
cytotoxicity and compromised biocompatibility [3](Gough et al. 2002). Recent advances
have produced membranes with improved biocompatibility and endurance to degradation
by utilizing bioinert crosslinking agents such as 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) [4, 5](Ahn et al. 2020; Park et al. 2015). Meanwhile, there is ample
scientific evidence for the use of non-crosslinked collagen membranes, which are well
known to show good biocompatibility and the ability to closely integrate with the
surrounding tissues [6, 7](Omar et al. 2019; Park et al. 2022).

From an evaluation of the clinical data, it is difficult to determine whether
crosslinking of the collagen membrane enhances the outcomes of GBR. A recent meta-
analysis showed that crosslinked collagen membranes were more effective than non-
crosslinked membranes when used for vertical ridge augmentation [8](Urban et al. 2019),
whereas another meta-analysis reported no significant difference between the 2 types of
collagen membranes concerning the gain in bone volume [9](Jimenez Garcia et al. 2017).
Nevertheless, heterogeneity among studies means that this comparison is susceptible to
bias. In addition, it is difficult to study membrane degradation clinically due to ethical
issues. Therefore, a well-designed animal study is indicated to observe the healing pattern

and tissue response surrounding the barrier membranes.

Most preclinical studies on resorbable membrane degradation and the tissue
response have been performed using rat subcutaneous models [10-12](Naenni et al. 2020;
Rothamel et al. 2005; Schwarz et al. 2006). Those studies showed that the rate of
biodegradation was the fastest for non-crosslinked collagen membranes, although the
amount of tissue integration and vascularization was the highest compared to other

crosslinked collagen and synthetic membranes. Nevertheless, subcutaneous models lack



clinical representativeness, since in GBR application, the membrane is in contact with the
alveolar bone, oral mucosa, and the bone substitute. In the literature, there is a surprising
lack of well-designed animal studies comparing the degradation and healing pattern around

non-crosslinked and crosslinked collagen membranes.

Therefore, the aim of this study was to conduct histomorphometric assessments
of the non-crosslinked and crosslinked collagen membranes regarding neovascularization,

tissue integration, tissue encapsulation, and biodegradation.



II. MATERIALS AND METHODS

1. Ethical statement and experimental animals

Fifteen beagle dogs were used for this study, aged 15-24 months and weighing 15
kg. The animals were raised under standard laboratory conditions (room temperature of
15°C-20°C and humidity of >30%) and fed a standardized soft diet throughout the study.
The experimental approaches and protocols were authorized by the Institutional Animal
Care and Use Committee, Yonsei Medical Center in Seoul, South Korea (approval no.
2016—0053), and was carried out according to the modified Animal Research: Reporting of

In Vivo Experiments (ARRIVE) guidelines for research in preclinical settings.

2. Study materials
Collagen membranes

Two types of collagen membranes were compared in this study. Firstly, a non-
crosslinked collagen membrane (Bio-Gide; Geistlich Pharma AG, Wolhusen, Switzerland)
(BG) was composed of type I and III collagen derived from porcine peritoneum. This
membrane has a bilayer structure consisting of a dense outer layer and a spongy inner layer.
The second collagen membrane was a crosslinked collagen membrane composed of type 1
collagen, crosslinked using EDC (Collagen Membrane-P; Genoss, Suwon, Korea) (CM).
This membrane had a uniform structure. Crosslinking was performed by immersing the
membrane in 5 mM EDC solution at 4°C for 24 hours, followed by thorough washing and
lyophilization (Figure 1).



Bone graft material

A collagenated-block bone graft material was used in this study (Mastergraft Putty,
Medtronic, Minneapolis, MN, USA). This material is a synthetic biphasic calcium
phosphate consisting of 15% hydroxyapatite and 85% p-tricalcium phosphate, which is
equally distributed throughout ultra-purified resorbable type I bovine collagen.

3. Study design

In 15 beagle dogs, a chronic narrow ridge was induced on 1 side by extraction of
the second, third, and fourth premolars. After 8 weeks of healing, GBR was performed on
2 sites unilaterally (Figure 2). The 2 experimental groups—i) the BG group and ii) the CM
group— were randomly allocated to either the mesial or the distal site of the ridge. Animals

were euthanized at 4, 8, and 16 weeks (n=5 for each period).

4. Surgical protocol

General anesthesia was induced using an intravenous injection of medetomidine
(0.75 mg/kg; Tomidin, Provet Veterinary Products) and alfaxalone (2 mg/kg; Jurox).
Inhalation anesthesia was performed using isoflurane (Forane, Choongwae Pharmaceutical,
Seoul, Korea). Local anesthesia was performed by infiltration of lidocaine hydrochloride
(1:100,000) (Kwang Myung Pharm Co., Ltd., Seoul, Korea). Supragingival scaling was
performed prior to the extraction of the second, third, and fourth premolars. The buccal
plates of the extraction sockets were removed using a tungsten carbide bur to create a

narrow ridge.

After 8 weeks of healing, GBR was performed in a unilateral edentulous ridge. A

crestal incision and 2 vertical incisions were made to raise a full-thickness mucoperiosteal



flap. The synthetic block graft materials were trimmed to the size of 6x5%5 mm and then
applied to each bone defect (Figure 2). The graft materials were covered with either BG or
CM trimmed to the size of 12x18 mm, followed by fixation of the membranes using 2
titanium pins (Membrane Pin; Dentium, Suwon, Korea) (Figure 1). The flap was advanced
with periosteal releasing incisions, and tension-free primary closure was achieved with
sutures (4-0 Monosyn, B. Braun, Melsungen, Germany). The specimens were euthanized

at 4, 8, and 16 weeks postoperatively for histologic processing.

5. Histomorphometric measurements

Histomorphometric measurements were performed by a trained investigator (X.J.)
who was blinded to the experimental groups, and outcomes were reviewed by 2 other
investigators (J.K.C. and J.Y.P.). A semi-quantitative and descriptive score was given for
the local tissue response at the implantation sites according to the ISO 10993-6 guidelines
[10](Naenni et al. 2020) (Table 1). Quantitative measurements of the remaining membrane
thickness and area were made using Adobe Photoshop CS5 (Adobe Systems, San Jose, CA,
USA) was used. The following variables were assessed for each sample:

- Remaining membrane thickness (mm): measured at 5 points equally dividing the
defect site to obtain a mean value

- Remaining membrane area (mm?): the area of the membrane remnants at the
entire grafted site

- Neovascularization: the number of capillaries within the area of the membrane
at the augmented site

- Encapsulation: the thickness of mature collagen surrounding the membrane

- Tissue integration: the degree of tissue growth into the membrane

- Pseudoperiosteum: the formation of periosteum-like tissues replacing the
membrane, characterized by dense fibrous layer of connective tissues overlying a cellular

layer



6. Statistical analysis

All measurement data are presented as mean + standard deviation. Statistical
analyses were performed using SPSS version 21.0 (IBM Corp, Armonk, NY, USA).
Nonparametric tests were applied given the descriptive nature of the study. The Mann-
Whitney U test and Wilcoxon signed rank test were used for inter-group and intra-group
comparisons, respectively. The differences were deemed statistically significant when the

P values were less than 0.05.



III. RESULTS

1. Clinical observation

Surgical wound healing was uneventful, without complications such as wound

dehiscence, severe swelling, or bleeding.

2. Histological observation
Week 4

At week 4, membrane remnants of both BG and CM could be observed, although
BG underwent substantially greater resorption than CM (Figure 3). Regarding angiogenesis,
blood vessel formation was scantly evident within the membrane space of BG, whereas
CM showed no signs of vascularization (Figure 4). BG was closely integrated with the
surrounding connective tissues and interstitial matrix. In addition, the fibrous tissues
surrounding BG appeared significantly thicker compared to those surrounding CM (Figure

3).
Week 8

At week 8, both CM and BG appeared to have been resorbed significantly (Figure
3). Regarding angiogenesis, the space once occupied by BG contained numerous blood
vessels, whereas few blood vessels could be seen within the space of CM (Figure 4). It was
evident that BG had been almost completely integrated with the surrounding tissues, which
appeared to have greater maturity and thickness than at 4 weeks (Figure 3). For CM, the
degree of tissue integration appeared similar to that at 4 weeks, and the surrounding fibrous

tissues also showed similar maturity to that at 4 weeks.



Week 16

Even at 16 weeks, some of the samples showed unresorbed remnants of CM,
which was still unintegrated with the surrounding tissues (Figure 3). Conversely, it
appeared that BG was almost fully resorbed, with no signs of membrane remnants.
Nevertheless, the membrane space of BG was occupied by a mature dense fibrous layer of
connective tissue, which resembled the periosteum. It could be seen that the remaining
superficial bone graft particles were entangled within this layer. Regarding angiogenesis,
the pseudoperiosteum of BG was richly vascularized, whereas that of CM showed a scarce

distribution of vessels (Figure 4).

3. Histomorphometric analysis
Neovascularization

At 4 and 8 weeks postoperatively, no statistically significant differences were
found in the neovascularization score between CM and BG (P=0.053 and P=0.08,
respectively) (Table 2). At week 16, the neovascularization score was significantly higher
for BG than for CM (P=0.007). There was no significant difference in neovascularization

scores between the different time points for both membranes (P>0.05).
Encapsulation

At weeks 4 and 8, the encapsulation scores of BG were significantly higher than
those of CM (P=0.017 and P=0.042, respectively) (Table 2). However, at week 16, there
was no significant difference between BG and CM (P>0.05). From weeks 4 to 16, the
encapsulation score of both membranes tended to increase; however, the difference was not

significant (P>0.05).



Tissue integration

The tissue integration score of the BG group was significantly higher than that of
the CM group at weeks 4, 8, and 16 (P=0.004, P=0.021, and P=0.004, respectively) (Table
2). In the CM group, the tissue integration score significantly increased by week 16
compared to week 4 (P=0.046). In the BG group, the tissue integration score significantly
increased from week 4 to week 16, and from week 8 to week 16 (P= 0.034 and P=0.041,

respectively).

Remaining membrane thickness

BG was thicker than CM at week 4 (P=0.001) (Table 3). The thickness of BG and
CM significantly decreased between 4 and 8 weeks (P=0.002 and P=0.001, respectively);

however, there was no significant difference between 8 and 16 weeks (P>0.05).
Remaining membrane area

The remaining membrane area was higher in the CM group than in the BG group
at week 16 (P=0.047) (Table 3); however, there were no significant differences at weeks 4
and 8 (P>0.05). In both groups, the remaining membrane area significantly decreased
between 4 and 8 weeks, and between 4 and 16 weeks (Table 3); however, there was no

significant difference between 8 and 16 weeks (P>0.05).
Pseudoperiosteum

Pseudoperiosteum was present only in 5 samples of the 16-week BG group.

-10-



IV. DISCUSSION

Although collagen membranes are known to lose their barrier function following
rapid degradation, some studies have indicated that the membrane becomes closely
integrated with the surrounding tissues to provide a continuous bioactive role in bone
regeneration [13, 14](Cha et al. 2021; Omar et al. 2018). Therefore, in this study, BG and
CM were applied in a GBR model at 3 sequential time points up to 16 weeks to assess the
progression of vascularization, tissue integration, tissue maturation and membrane
degradation. The main findings were 1) BG exhibited greater neovascularization, tissue
integration, and tissue maturation than CM at 4, 8, and 16 weeks, ii) almost complete
biodegradation of both membranes occurred between 4 to 8 weeks, and iii) at 16 weeks, a
thickened band of mature fibrous tissues was formed in the space once occupied by BG,

whereas the membrane remnants were still present in the CM group.

The importance of angiogenesis in GBR has been emphasized since the
introduction of resorbable collagen membranes [15](Schmid et al.1997). In the normal
wound healing process, after the initial formation of a blood clot and granulation tissue in
the defect space, the formation of a rich vascular supply has been shown to be crucial to
osteoid formation and subsequent woven bone formation [16](Cucchi et al.2019). Although
the vascular network is known to be mainly supplied by the alveolar bone at the defect site,
an additional vascular supply from the overlying soft tissues may enhance healing and
increase the rate of osteogenesis. Therefore, transmembraneous angiogenesis has been
indicated to provide an additional healing source during the early formation of new bone
by non-crosslinked collagen membranes [12, 17](Schwarz et al. 2006; Schwarz et al. 2008).
In this study, vascularization of BG increased significantly from week 4 to week 16. The
CM group showed delayed vascularization in comparison to BG, resulting in a significant

difference in the number of vessels after 16 weeks. It could be assumed that the lack of

- 11 -



vascularization in the CM group might have been caused by the crosslinking of collagen.
Related studies have also shown that neovascularization was negatively correlated with the
extent of chemical cross-linking of the collagen matrix [12, 18](Schwarz et al. 2006;

Thoma et al. 2012).

Tissue integration is an important criterion for absorbable barrier membranes to
minimize immune responses and allow cellular proliferation around the membrane.
Meanwhile, an integrated barrier membrane should ideally maintain the barrier function
and cell occlusivity during the healing period. In this study, tissue integration was measured
by the proximity between the barrier membrane and the surrounding tissues. BG was
closely integrated with the surrounding tissues even at 4 weeks, whereas CM appeared to
be separate from the adjacent tissues even at 16 weeks. These findings are similar to a
previous study, in which increased levels of crosslinking were found to be negatively
correlated with tissue integration [18](Thoma et al. 2012). Reduced tissue integration of
crosslinked collagen membranes could be related to the release of toxic crosslinking agents
from resorption of the membrane, which can alleviate negative tissue response. Compared
with non-crosslinked collagen membranes, crosslinked collagen membranes with an
extended absorption time showed significantly more adverse events and less bone
regeneration [19](Tal et al. 2008). However, a preceding study using the current data
showed that CM was superior to BG for new bone formation [20](Lee et al. 2020). This
may be due to the fact that CM still maintained a certain spatial shape at week 16, while
BG began to degrade rapidly at week 4, resulting in the displacement or loss of bone graft
materials, affecting bone regeneration. This also indicates that the membrane obtained by
chemical crosslinking has a moderately long degradation time and appropriate
biocompatibility, but is not conducive to tissue integration and angiogenesis [ 11](Rothamel

et al. 2005).

The existence of a periosteum-like structure in the BG group at week 16 was a

key finding of this study. A human autopsy study [21](Cha et al. 2019) also found

-12-



periosteum-like structures at a site that had been grafted using BG, which seemed to last
for more than 6 years after surgery. In this study, the tissue was found to contain small
blood vessels, which could be assumed to supply blood to the defect site from the overlying
tissues. In the BG group, the membrane appears to have been replaced by a highly vascular
pseudoperiosteal tissue, which provided a biological barrier even after the collagen
membrane was biodegraded. It may be speculated that this thickened layer of dense
connective tissue might be the product of encapsulation and maturation of the tissues
surrounding the integrated collagen membrane. This connective tissue structure should be

studied further to reveal its biological activity in future studies.

This study had some limitations. Firstly, two commercially available barrier
membranes with different collagen compositions and manufacturing techniques were used
to represent crosslinked and non-crosslinked collagen membranes. Ideally, to properly
assess the isolated effect of crosslinking, the same collagen membrane should be used with
or without crosslinking. Secondly, the semi-quantitative and descriptive nature of the
scoring system might have been subject to examiner bias. Measures were taken to prevent
bias by blinding the examiners to the groups and involving multiple examiners to review

the outcomes.

-13-



V. CONCLUSION

Although the BG membranes were rapidly biodegraded, they gradually became
replaced by connective tissue with complete integration and maturation of the surrounding
tissues to form dense periosteum-like connective tissue. However, the barrier function of
BG membranes remains to be validated. In contrast, the CM membranes remained

unresorbed longer and resulted in less vascularity and tissue integration than BG.

- 14 -
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TABLES

Table 1. Parameters evaluated during histopathological scoring of the samples

General tissue reaction

Scoring system

Pseudoperiosteum

Neovascularization

Encapsulation

Tissue integration

—, absent; +, present in >10% of the target section; ++,
present in >20% of the target section; and +++, present in
>50% of the target section.

The number of capillaries within the area of the
membrane: 0, none; 1, minimal proliferation of capillaries;
2, formations of 4-7 capillary structures; 3, a wide band of

capillaries; and 4, a substantial band of capillaries.

Encapsulation was descriptively assessed based on the
thickness of mature collagen surrounding the membrane
and scored as follows: 0, none; 1, a narrow band; 2, a
moderate band; 3, a thick band; and 4, a substantial band.

The degree of tissue growth into the membrane: 0, none; 1,
slight; 2, moderate; 3, marked; and 4, complete/severe.
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Table 2. Results from the histological analysis.

CM BG
Time point (weeks)
4weeks 8weeks 16weeks 4weeks 8weeks 16weeks
Pseudoperiosteum - - - - - ++
Neovascularization 0+0 0.4+0.55 0.6+0.55 1.40+1.52 1.60+1.14 2.60+0.55*
Encapsulation 120 1.4+0.55 2.4+1.14 240.71* 2.240.45% 3.2+0.84
Tissue integration 00 0.4+0.55 0.8+0.45° 2.8+0.45% 2+1% 420+ 0e

BG=Bio-Gide, CM=crosslinked collagen membrane.

Numbers represent the mean + standard deviation of the parameters using the following
scoring system: O=none, 1=slight, 2=moderate, 3=marked, and 4=complete/severe. The
general tissue reaction was evaluated using the following scoring system: —, not present; +,
present in >10% of the viewed area; ++, present in >20% of the viewed area; and +++,
present in >50% of the viewed area.

*: Significantly different from the other group at the same observation period according
to Mann Whitney-U test. (p < 0.05)

a: Significant differences between week 4 and week 8 according to Wilcoxon signed rank
test. (p <0.05)

b: Significant differences between week 4 and week 16 according to Wilcoxon signed
rank test. (p < 0.05)

c: Significant differences between week 8 and week 16 according to Wilcoxon signed
rank test. (p < 0.05)
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Table 3. Histomorphometric measurements at 4, 8 and 16 weeks after surgery.

Time point(weeks) 4weeks 8weeks 16weeks

Thickness(mm) M 0.53+0.09%° 0.12+0.07 0.13+0.1
BG 0.8420.09%0* 0.3+0.19 0.14+0.05
Area (mm?) M 2.16+0.48%°  021£0.18  1.16+0.79*
BG 34141112 0.36£028  0.18+0.25

BG=Bio-Gide, CM=crosslinked collagen membrane.

Thickness: Remaining absorbable membrane thickness; Area: Remaining absorbable
membrane area.

*: Significant different at the same observation period. (Statistical significance level was
5%, p<0.05.)

a: Significant differences between week 4 and week 8 according to Wilcoxon signed rank
test. (p <0.05)

b: Significant differences between week 4 and week 16 according to Wilcoxon signed
rank test. (p < 0.05)

c: Significant differences between week 8 and week 16 according to Wilcoxon signed
rank test. (p < 0.05)

_21-



FIGURES

100 pm

10 pm 10 pm

Figure 1. Scanning electron micrograph images of the collagen membrane

Scanning electron micrograph images of the non-crosslinked collagen membrane (Bio-
Gide; Geistlich Pharma AG, Wolhusen, Switzerland) (BG) and the crosslinked collagen
membrane (Collagen membrane-P; Genoss, Suwon, Korea) (CM) at X100 and x1,000

magnifications. CM: crosslinked collagen membrane, BG: Bio-Gide.
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Figure 2. The surgical procedure.

(a) A full-thickness flap was elevated, and the alveolar bone bed was decorticated. (b) A
collagenated synthetic bone block was placed in each experimental site (Mastergraft Putty;
Medtronic, Minneapolis, MN, USA). (c¢) The bone substitutes were covered by 2 different
membranes according to group allocation; left: crosslinked collagen membrane, right: a
non-crosslinked collagen membrane, and fixed with 2 titanium pins. (d) Primary closure

was achieved.
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8 weeks

16 weeks

Figure 3. Histological images obtained at 4, 8, and 16 weeks.

(A-F) Low-magnification images from the CM and BG groups. The black triangles indicate
the pseudoperiosteum. Histological images obtained at 4, 8, and 16 weeks. (a-f) High-
magnification images of the areas highlighted in panels (A-F). CM: crosslinked collagen
membrane, BG: Bio-Gide.
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Figure 4. High-magnification images of a representative sample from each group.

Neovascularization is indicated by an asterisk. The black arrows indicate tissue integration

of the surrounding connective tissues with the membrane. CM: crosslinked collagen

membrane, BG: Bio-Gide.
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