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Abstract

Background: Alveolar ridge preservation following tooth extraction remains a clinical challenge, necessitating guided bone regener-
ation (GBR). The aim of this study was to compare the biocompatibility and tissue response of an experimental resorbable collagen
(rCOL) membrane reinforced by poly-lactic-co-glycolic acid to a commercially available non-resorbable titanium (Ti)-reinforced poly-
tetrafluorethylene (rPTFE) membrane in a large translational (beagle) mandibular model. Materials and Methods: Beagles (N = 7)
underwent bilateral extraction of mandibular premolars, with full-thickness flaps raised to expose the mandibular bone. Bilateral four-
walled semi-saddle defects (2 defects per animal) were created using a low-speed cylindrical burr under copious irrigation. Defects were
filled with porcine xenograft (Xe) putty and covered with either an experimental rCOL, or commercially-available rPTFE (Cytoplast®
Ti-150, Osteogenics Biomedical, Inc., Lubbock, TX, USA) membrane. Animals were allowed to heal for 6 weeks and defects were
evaluated by microcomputed tomography (1« CT) and histological analysis. Results: ;CT demonstrated gradual bone ingrowth and bone
graft bridging within the defects in both membrane groups. However, bone formation within the defects was significantly greater in
defects treated with rCOL (27.15 £ 6.22 %) relative to rPTFE (17.84 & 6.22 %) (p = 0.041). Histological evaluation demonstrated that
the rPTFE group presented with inflammatory infiltrate and granulation tissue between the defect and membrane surface. In contrast, the
defects covered by the rCOL membrane evidenced direct contact with newly formed osseous and connective tissue layers. Conclusions:
rCOL membranes demonstrated superior healing outcomes characterized by minimal inflammation and higher levels of bone ingrowth
within the defect site, compared to rPTFE counterparts.
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Introduction

The catabolic alterations following tooth loss com-
mences with the resorption of the bundle bone, a tooth-
dependent structure that delineates the extraction socket,
necessitating alveolar ridge preservation and/or augmenta-
tion via guided bone regeneration (GBR) [1,2]. GBR is an
evidence-based, clinically validated, and safe method for
extraction site management [3]. In particular clinical sce-
narios such as cases with thin bone plates (<1 mm) or re-
duced ridge heights following extraction, GBR enables suc-
cessful implant placement by reducing the extent of soft
and hard tissue dimensional loss [3]. Comparative radio-
graphic assessments indicate that GBR is more effective
in preserving bone dimensions relative to socket seal tech-
nique or unassisted socket healing [4]. GBR entails the use
of occlusive membranes to segment bone volume by ex-
cluding non-osteogenic cell populations from the underly-
ing compartmentalized bony defect site. When isolating
the non-osteogenic cells, the osteogenic cell populations
from the native bone walls are allowed to inhabit the os-
seous wound, facilitating favorable conditions for adequate
new bone formation [5]. GBR membranes hence function
as mechanical barriers and play a crucial role during the
healing of the alveolar ridge [5]. In addition to prevent-
ing epithelial and connective tissue migration into the de-
fect area, GBR membranes are critical in the maintenance
of sufficient space within the defect site during the applica-
tion of masticatory/physiological forces [6]. An ideal GBR
membrane must therefore present biocompatibility, clini-
cal manageability, space-making ability, and adequate me-
chanical stability [7].

The compositions of a GBR membrane can be divided
into resorbable and non-resorbable types. Non-resorbable
membranes include synthetic fluoropolymers such as poly-
tetrafluoroethylene (PTFE) [7,8]. GBR membranes com-
posed of high density-polytetrafluoroethylene (d-PTFE)
have been widely utilized for vertical bone augmentation
procedures owing to robust mechanical and occlusive prop-
erties [6,9]. A subset of PTFE membranes reinforced with
titanium (Ti) was previously developed to serve a mechani-
cal barrier capable of preventing soft tissue migration, pro-
tecting the blood clot to achieve vertical hard tissue gain,
and providing mechanical stability at the tented defect site
[10]. However, an unfavorable outcome with the use of
non-resorbable membranes is wound dehiscence [11,12].
For example, wound dehiscence has been shown to result in
susceptibility to the exposure field with progression of the
infection, inadequate bone healing, and graft material loss
[6]. Another disadvantage of non-resorbable membranes
is the need for a secondary surgery for membrane removal
[11].

On the other hand, resorbable collagen membranes
have been extensively utilized in GBR procedures, with a
long-standing database of evidence in tissue regeneration
owing to low immunogenicity, cell adhesive properties, and
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chemotaxis to fibroblasts and osteoblasts, thereby mediat-
ing excellent tissue integration and angiogenesis [6,7,13].
However, poor mechanical properties and high degradation
rates of native collagen-based barrier membranes are still
dominant limitations during clinical applications [9]. In
the maxillofacial region where significant host tissue move-
ment occurs during the healing period, mechanical stabil-
ity is essential for predictable recovery [14]. To elaborate,
the success of GBR is also related to the mechanical prop-
erties of the membrane, which can influence whether the
membrane collapses into the defect space, or if the amount
of regenerated bone in the bone defect is reduced [7]. To
prevent undesirable outcomes, GBR membranes should be
sufficiently rigid to withstand the compression of the over-
lying soft tissue [7]. Additionally, it should present a de-
gree of plasticity which would enable easy contouring and
shaping/draping over the defect [7].

Mechanical reinforcement is one such strategy to
modify the mechanical characteristics of collagen-based
devices. By reinforcing with a second biomaterial, the
strength or handling characteristics of the membrane can be
modified while maintaining the biological benefits of colla-
gen. Poly-lactic-co-glycolic acid (PLGA) belongs to a class
of synthetic, biodegradable, biocompatible copolymers that
has been utilized in the fabrication of resorbable sutures,
surgical clips, and implantable/injectable controlled-release
drug delivery systems [15]. In vivo, PLGA induces mini-
mal inflammatory responses and resorbs over time through
the hydrolysis of ester linkages into lactic and glycolic acids
[15]. The adjustable lactic: glycolic acid ratio in PLGA fur-
ther allows tunable degradation rates (2—6 months) which
synchronizes with the critical 3-month bone healing win-
dow [16]. This contrasts with rapidly-resorbing collagen-
based materials (<8 weeks) that could compromise bar-
rier function prematurely. Building on these findings, a
PLGA mesh-reinforced resorbable collagen (rCOL)-based
membrane was recently introduced [14]. However, from
a data availability and consensus standpoint, there is lack-
ing literature that directly compares this reinforced re-
sorbable membrane to a more widely-utilized reinforced
non-resorbable polytetrafluorethylene (rPTFE) membrane
in a large translational model to ensure their efficacy and
reliability for potential clinical use. This study specifi-
cally aimed to evaluate the biocompatibility and tissue re-
sponse of rCOL and rPTFE membranes via histomorpho-
metric and micro-computed tomographic analyses in a bea-
gle mandibular model.

Materials and Methods
Materials

The commercially available non-resorbable mem-
brane (rPTFE: Batch No.: A057070; Cytoplast® Ti-150,
25 mm x 30 mm, Osteogenics Biomedical, Inc., Lub-
bock, TX, USA) presented a textured (Regentex' ™) d-
PTFE outer layer to increase the surface area available
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Fig. 1. Surgical aspect of the mandible. Surgical aspect from the buccal view (a) post-teeth extraction, (b) after the creation of the four-
walled semi-saddled defect, (¢) showing the defect filled with porcine xenograft putty, (d) with a resorbable membrane (rCOL) overlaying
the defect on the anatomic right side, (e) with a non-resorbable (rPTFE) membrane overlaying the defect on the anatomic left side, (f)
showing defects sutured close. Scale bars are 10 mm in length. rCOL, reinforced collagen; rPTFE, reinforced polytetrafluorethylene.

for cellular attachment and to prevent soft tissue retrac-
tion. This was accompanied by an intermediate grade 1
titanium framework, and an expanded PTFE (e-PTFE) in-
ner layer [10]. On the other hand, the patented, experi-
mental, resorbable membrane (rCOL, Batch No.: RD001-1;
20 mm x 30 mm, Osteogenics Biomedical, Inc., Lubbock,
TX, USA) comprised of decellularized, natural (porcine
pericardium-derived) collagen-based inner- and outer- sur-
faces and a bioresorbable PLGA mesh embedded between
the two collagen layers [14]. It is also important to note
that the inner- and outer- decellularized natural collagen-
based membranes were cross-linked to each other followed
by caprylic odor removal, lyophilization, and die cutting, as
previously described [14].

Preclinical In Vivo Model

According to a sample size calculation for statisti-
cal power greater than 0.8, an effect size of 0.65, and
type I error frequency («) of 0.05, a total of N = 7 adult,
skeletally mature, female beagle dogs aged ~ 1.5 years
and in good health (10-15 kg) were utilized. The ani-
mals were allowed to acclimate at Ecole Nationale Vétéri-
naire d’Alfort (ENVA) for 7 days prior to the surgery. On
the day of surgery, subjects were fasted for at least 12
hours to prevent vomiting due to anesthesia. All surgi-
cal procedures were conducted under general anesthesia
using veterinary pharmaceutical-grade agents. The pre-
anesthetic procedure comprised of an intramuscular ad-
ministration of atropine sulfate (strength: 0.54 mg/mL,
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administered at: 0.044 mg/kg, Batch No.: 51662-1311;
Sparhawk Laboratories Inc., Lenexa, KS, USA, NDC
58005-354-04) and xylazine hydrochloride (strength: 20
mg/mL, administered at: 8 mg/kg, Batch No.: NC-0528;
CP-Pharma Handelsgesellschaft mbH, Burgdorf, Germany,
AMM FR/V/4410949 3/2012). General anesthesia was
provided using an intramuscular injection of ketamine hy-
drochloride (strength: 100 mg/mL, administered at: 15
mg/kg, Batch No.: 200-073; VetViva Richter GMBH,
Wels, Austria, AMM FR/V/4109421 5/2012). Isoflurane
(strength: 100 %, administered at: 0-5 %, in 100 % O
via inhalation, Batch No.: J124010; Zoetis France, Chatil-
lon, France, AMM FR/V/9452523 4/2011) was utilized to
maintain general anesthesia, as needed.

Prior to defect creation, bilateral extractions of
mandibular premolars were performed (Fig. 1a). In brief,
a full-thickness mucoperiosteal flap was followed by sec-
tioning of the teeth in the buccal-lingual direction and ex-
traction was carried out using root elevators and forceps
without damage to the alveolar bone wall. Following teeth
extraction, the buccal walls of the 3rd premolar sockets
were removed through rotary instrumentation from its cer-
vical aspect to the apical length of the socket. Four-walled
semi-saddled defects (width x height = 10 mm x 10 mm)
were created with depth up to the lingual wall (Fig. 1b).
The defects were filled with porcine xenograft (Xe) putty
(Batch No.: PMBURD103017; Osteogenics Biomedical,
Inc., Lubbock, TX, USA) (Fig. 1c¢) and covered with ei-
ther the rCOL (Fig. 1d) or the rPTFE (Fig. le) mem-
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Anatomic Left - rPTFE

Anatomic Right - rCOL

Fig. 2. uCT overview of the mandibles. Mandibles treated with the (a,b) non-resorbable (rPTFE) and (¢,d) resorbable (rCOL) mem-
branes. Dashed red lines (in a,c) indicate the location of the representative mandibular cross-sectional slices (in b,d) with solid red
lines indicating the defect margins. Scale bars in (a) and (¢) are 10 mm in length. Scale bars in (b) and (d) are 5 mm in length. uCT,

microcomputed tomography.

brane. All membranes were fixed in place with 1.5 mm
x 3.0 mm self-drilling screws (Batch No.: W12002A; Pro-
Fix™ Precision Fixation System, Osteogenics Biomedical,
Inc., Lubbock, TX, USA). Primary closure was achieved
with non-resorbable sutures (3—0 PTFE, Batch No.: ¢s0518;
Cytoplast™, Osteogenics Biomedical, Inc., Lubbock, TX,
USA) (Fig. 1f). Senior authors (NT, LW and PGC) were
aware of the group distribution throughout the course of the
study duration for recordkeeping and compliance purposes.

After surgery, the animals were subjected to a soft diet
for 7 days. Post-surgical medication included antibiotics
(penicillin, strength: 114 mg/100 mL, administered at: 0.4—
1 mL/10 kg, Batch No.: BPET2163; Vetoquinol SA, Lure,
France, AMM FR/V/5680265 4/1990) and analgesics (ke-
toprofen, strength: 100 mg/mL, administered at: 1 mL/5

Com
CELLR maczziaLy

kg, Batch No.: 61133-4007; Kela N.V., Hoogstraten, Bel-
gium, AMM FR/V/2610381 1/2011) for a period of 48
hours. All animals were euthanized after 6 weeks by means
of anesthesia overdose, where animals were administered
isoflurane (strength: 100 %, administered at: 0-5 %, in 100
% O via inhalation, Batch No.: J124010; Zoetis France,
Chétillon, France, AMM FR/V/9452523 4/2011), propofol
(strength: 10 mg/mL, administered at: 2—8 mg/kg, via intra-
venous (IV), Batch No.: 379001071; Zoetis France, Chatil-
lon, France, AMM FR/V/4197390 3/2012), and potassium
chloride (strength: 40 g/120 mL, administered at: 75-150
mg/kg, via IV, Batch No.: 7447-40-7; MilliporeSigma, St.
Louis, MO, USA, purity >99 % by titration test). The
study end point was selected to closely match the critical
early healing period following which PTFE membrane re-
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Fig. 3. Representative 3D reconstruction of the defect sites. (a) Buccal-lingual, (b) superior-inferior, and (c¢) isometric views of the
defect volume covered with the non-resorbable (rPTFE) membrane. Representative 3D reconstructed (d) buccal-lingual, (e) superior-
inferior, and (f) isometric views of the defect volume covered with the resorbable (rCOL) membrane. Newly formed bone is depicted in
yellow and particulate graft in purple. Scale bars are 5 mm in length. 3D, three-dimensional.

Fig. 4. Volumetric quantification. (a) Bone (%) and (b) Graft (%) within the defect sites, presented as means and corresponding
confidence intervals, p < 0.05 is statistically significant.
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Fig. 5. Representative histological overview of a defect treated with an rPTFE membrane. (a) Survey of a representative defect (D,
bounded by white lines) covered by the rPTFE membrane depicting bone (red stained) formation within the defect in a ridge that was
covered by a layer of granulation tissue (GT) underneath the rPTFE membrane. Scale bar is 2 mm in length. (b) Higher magnification of
the tissue formed between the rPTFE membrane and bone revealed granulation tissue with extensive inflammatory infiltrate and newly
formed capillaries. Scale bar is 500 pum in length. (c¢) Evaluation of the grafted area showing new bone formation within the defect,
where the space initially occupied by the xenograft putty material presented with a combination of newly formed bone surrounding the
xenograft particles (Xe, brown stained) and within the collagen component (Coll, dark stained) of the putty. Scale bar is 500 pum in
length. Ti, titanium.

Fig. 6. Representative histological overview of a defect treated with an rCOL membrane. (a) Survey of a representative defect
(D, bounded by white lines) intimately covered by the rCOL membrane (the PLGA reinforcements were continuously connected by the
double collagenous layers (CollM)). Scale bar is 2 mm in length. (b) Higher magnification inspection of the tissue formed in proximity
with the rCOL membrane revealed direct contact of the newly formed layer of connective tissue (CT)/epithelium (E), and bone at the
external and internal aspects, respectively. Scale bar is 500 pm in length. (¢) Evaluation of the grafted area showed new bone formation
within the defect, where the space initially occupied by the xenograft putty material presented with a combination of newly formed bone
surrounding the xenograft particles (Xe, brown stained) and collagen component (Coll, dark stained) of the putty. Scale bar is 500 pm

in length. PLGA, poly-lactic-co-glycolic acid.
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Fig. 7. Lingual wall thickness measurements. Measurements (a) collapsed over area, and (b) at the apical, middle, and coronal aspects.

Data presented as means and corresponding confidence intervals, p < 0.05 is statistically significant.

moval has been recommended [17,18]. Following euthana-
sia, mandibles were harvested en bloc and immediately im-
mersed in 10 % formalin prior to bench-top processing and
analysis. No pre-established criteria for inclusion/exclusion
of samples in the analysis of outcome variables were set.

Microcomputed Tomography and Volumetric
Reconstruction

All specimens were transferred into a 70 % ethanol so-
lution during the microcomputed tomographic (1CT) scan-
ning phase. Scanning was performed with a voxel resolu-
tion of 18 pm per slice, an X-ray energy level of 70 kVp,
and a current level of 114 A (Batch No.: SC4263; uCT 40,
Scanco Medical, Basserdorf, Switzerland). The scan files
of the mandible and defects (rPTFE: Fig. 2a,b; and rCOL:
Fig. 2¢,d) were imported to a three-dimensional (3D) re-
construction software (Amira 6.3.2, ThermoFisher Scien-
tific, Waltham, MA, USA) in Digital Images and Communi-
cation in Medicine (DICOM) format to perform volumetric
reconstruction and quantification. First, a virtual slice, as
indicated by the dashed red lines (Fig. 2a,c), was acquired
to assess the defect area through sagittal transections (Fig.
2b,d). Exposure and contrast were then adjusted to elimi-
nate any noise or artifact and identify new bone formation.
The region of interest for 3D analysis was standardized for
each defect, by assessing the borders of the defect margins,
indicated by solid red lines (Fig. 2b,d). Subsequently, the
inbuilt “volume edit” tool was used to isolate the region
of interest (ROI) for image segmentation. Image segmen-
tation and digital reconstruction was performed using the
Hounsfield units to select bone (16-bit grayscale thresh-
old: 2846-5812), graft (16-bit grayscale threshold: 5812—
32767), and total (16-bit grayscale threshold: 1-32767)
volume of the defect. This permitted the visualization of
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the defect site and computation of the bone (%) and graft
(%) (using the inbuilt “material statistics” tool). It is im-
portant to note that the grayscale threshold values described
above are not universal and may vary as a result of changes
in uCT scan settings. The pCT reconstruction and quan-
tification was performed by a single, trained, and blinded
investigator.

Histological Processing and Histomorphometric Analysis

After uCT scanning, the specimens were stored in 70
% ethanol for 24 hours, and underwent progressive dehy-
dration through a series of ethanol solutions: 70 % (24
hours), 90 % (24 hours), and 100 % (48 hours), followed
by immersion in a clearing solution (methyl salicylate) for
48 hours. Samples were then infiltrated and embedded in a
methacrylate-based resin followed by UV-crosslinking (for
72 hours). The resin blocks were serially-sectioned across
the buccal-lingual direction of the mandible with a precision
diamond saw (Batch No.: 637-IPS-02937; Isomet 1000,
Buehler, Lake Bluff, IL, USA) to visualize the mandibu-
lar cross-section. Slices (~ 300 pum thick) were glued to
acrylic plates using a low-viscosity, cyanoacrylate-based
adhesive (Batch No.: L33BAB7000; Henkel Loctite 408,
Henkel AG & Co. KGaA, Dusseldorf, Germany). After
setting for 24 hours, the samples were prepared for his-
tological/metric analysis by grinding using silicon carbide
(SiC) abrasive papers (400, 600, 800, and 1200 grit) fol-
lowed by polishing with a alumina-based polishing suspen-
sion (Batch No.: 5x6_SUS-R1; MicroPolish™ Alumina (1
pm), Buehler, Lake Bluff, IL, USA) on a grinding/polishing
machine (Batch No.: 643-M3TV-10107; Metaserv 3000,
Buehler, Lake Bluff, IL, USA) under copious water irri-
gation until a slice final thickness of ~ 90 + 10 ym was
achieved. After the final polishing steps were complete, the
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slides were stained with Stevenel’s Blue and Van Giesons’s
Picro Fuchsin (SVG) and scanned via an automated slide
scanning system (Batch No.: 50178; Aperio CS2, Leica,
Wetzlar, Germany). The histomorphometric analysis was
made based on the measurement of three sections per de-
fect to quantify the lingual wall thickness (mm) (Batch No.:
12.4.6; Leica Application Suite, Leica, Wetzlar, Germany).
Briefly, lingual wall thickness was measured at the apical
(at the inferior aspect of the lingual wall), middle (mid-
way between the inferior and superior aspects of the lingual
wall), and coronal (at the superior aspect of the lingual wall)
regions by a single, trained, and blinded investigator.

Statistical Analysis

Statistical analysis of outcome variables (histomor-
phometric and volumetric data) was performed through
mixed models to account for fixed and random effects. The
volumetric data (Bone %) was set as the primary outcome
variable. All analyses were performed using IBM SPSS
(v29, IBM Corp., Armonk, NY, USA). Data was plotted as
mean values with corresponding 95 % confidence interval
values (mean + 95 % CI), with p < 0.05 indicating signif-
icance.

Results
Volumetric Reconstruction and Quantification

No animals were excluded from the analysis of out-
come variables. The three-dimensional volumetric recon-
struction demonstrated gradual bone ingrowth and bone
bridging in the defects for both membrane groups (Fig. 3).
However, quantitative volumetric analysis revealed greater
bone formation (bone (%)) in the rCOL group (27.15 4 6.22
%) relative to the rPTFE group (17.84 4 6.22 %) (p =0.041,
Fig. 4a). Graft presence within the defect sites (graft (%))
was statistically similar (p = 0.094, Fig. 4b) between the
rCOL (3.01 + 2.31 %) and PTFE groups (1.19 + 2.31 %)
after 6 weeks of healing.

Histological Evaluation

Non-decalcified histological sections of the rPTFE
membrane (Fig. 5a) revealed bone formation within the de-
fect and a layer of granulation tissue (GT) directly under-
neath the membrane surface covering the defect (Fig. 5b).
The GT formed between the rPTFE membrane and bone
consisted of extensive inflammatory infiltrate and newly
formed capillaries (Fig. 5b). In the grafted area, min-
imal new bone formation was observed surrounding the
xenograft (Xe) putty material and within the collagen com-
ponent (Coll) of the putty (Fig. 5c¢). Of note, defects
treated with rPTFE presented with horizontally compro-
mised (knife-edged) ridges at the 6-week time point accom-
panied by reduction in lingual wall height and thickness.

The qualitative histological observations for rCOL
membrane (Fig. 6a) demonstrated bone formation within
the defect in a ridge that was intimately covered by the
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rCOL membrane. The PLGA reinforcement layer was
continuously connected by the double collagenous layers
(CollM) (Fig. 6b). The tissue formed in proximity with the
rCOL membrane demonstrated direct contact with a newly
formed layer of connective tissue (CT)/epithelium (E), and
bone at the external and internal aspects, respectively (Fig.
6b). Within the grafted area, the bone formation resulted
in a space initially occupied by the xenograft (Xe) putty
material with a combination of new bone surrounding the
particles and collagen component (Coll) of the putty (Fig.
6¢).

Histomorphometric Evaluation

The quantitative histomorphometric analysis was used
to assess lingual wall thickness (in mm). Lingual wall
thickness of defects covered with the rCOL membrane was
higher relative to rPTFE (collapsed over area: 1.75 4 0.14
mm versus 1.44 + 0.15 mm, respectively) (p = 0.006, Fig.
7a). Similarly, rCOL demonstrated significantly higher lin-
gual wall thickness versus rPTFE at the apical (1.95 +0.14
mm versus 1.48 4+ 0.15 mm, respectively), middle (1.74 +
0.14 mm versus 1.52 4+ 0.15 mm, respectively), and coro-
nal areas (1.55 4 0.14 mm versus 1.33 + 0.15 mm, respec-
tively) (p < 0.048, Fig. 7b).

Discussion

Successful rehabilitation of edentulous, atrophic de-
fects in the oral cavity is highly dependent on the effec-
tiveness of GBR procedures and, in turn, the barrier mem-
brane utilized [19]. The establishment of a favorable defect
environment is achieved through adequate isolation of the
defect site from epithelial and connective tissue invagina-
tion [20,21]. A predictable outcome and reconstruction of
bone defects within the maxillofacial region remains a con-
cern for both surgeons and biomaterial engineers/scientists,
particularly in areas where there is a need for alveolar
height and thickness. Adequate alveolar ridge contour fa-
vors dental implant placement in a prosthetically-driven and
biomechanically-favorable position. Biomedical research
has thus focused on several novel approaches in order to
improve GBR, such as different membranes to isolate the
bony defects. Successful isolation is, therefore, highly de-
pendent on the properties of barrier membranes, including
structural integrity and biocompatibility [22,23]. Collagen
membranes continue to garner attention as a popular option
in GBR due to their favorable biological properties [24,25].

Wound healing with collagen membranes, both
piscine- and mammalian- derived, has shown promising re-
sults of soft tissue healing and osteogenesis [26]. However,
a major drawback and concern of collagen membranes is
rapid degradation caused by collagenases breaking down
the peptide bonds, thereby disrupting the structural integrity
of the triple-helix and overall membrane mechanical sta-
bility [27,28]. Therefore, the purpose of this study was to
further elucidate the effect of reinforcing resorbable colla-
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gen membranes by comparing them to non-resorbable re-
inforced PTFE counterparts. PTFE membranes have been
used for GBR; however, the most common complication as-
sociated with their use has been demonstrated to be wound
dehiscence [6]. Furthermore, while titanium-reinforced
PTFE (rPTFE) has been shown to significantly augment
vertical bone regeneration, a previously conducted system-
atic review reported a complication rate of 4 % and 8 % with
the use of d-and e-PTFE membranes, respectively [29-31].
This necessitates removal of exposed PTFE membranes fol-
lowing the critical early healing period where vigilant mon-
itoring of the defect area is essential for long-term success
[30]. Furthermore, it has been suggested that exposed PTFE
membranes be removed 4 to 6 weeks post-surgery to reduce
the risk of local infection [30]. Additionally, a secondary
surgery is necessitated with the use of rPTFE membranes
which could increase pain, treatment costs, and the proba-
bility of complications [31]. Contrarily, a resorbable mate-
rial such as rCOL would not typically necessitate a second
surgery for removal, potentially lowering aforementioned
risks.

The rCOL membrane showed significantly greater lin-
gual wall thickness relative to defects treated with rPTFE.
Although both membranes resulted in gradual bone in-
growth and bone graft bridging on uCT, qualitative his-
tology revealed that the bone formation within the defects
was significantly greater within the rCOL membrane group.
From a clinical perspective, successful rehabilitation of es-
thetic zone relies on the quality and thickness of the sur-
rounding bone. Current evidence supports a minimum bone
thickness of 2 mm around implants to achieve positive heal-
ing outcomes [32,33]. The observed 21.52 % increase
in mean wall thickness with rCOL (1.75 mm versus 1.44
mm, Fig. 7b) approaches this recommended 2 mm thresh-
old, which could minimize implant thread exposure in sites
with thin ridges, suggesting prosthetic relevance. It can be
hypothesized that the enhanced osteogenesis in the rCOL
group is correlated to the prolonged barrier function of the
rCOL membrane (owing to the reinforcement), which pre-
vented the infiltration of connective tissue and epithelial tis-
sue into the defect area. However, further investigation as
to whether the reinforcement of the rCOL membrane en-
hanced the collagen’s structural stability with regards to col-
lagenase activity is warranted. On the other hand, as vol-
ume instability and rapid degradation kinetics are two of the
primary challenges associated with the implementation of
collagen membranes [34,35], strategies other than mechan-
ical reinforcement have been explored. One such strategy
is exogenous collagen crosslinking, which is the formation
of covalent bonds between collagen molecules, via chem-
ical, physical, or biological processes [36]. For example,
crosslinked collagen membranes like BioMend® and Os-
six Plus® exhibit extended resorption in vivo, but are lim-
ited by their increased fragility and brittle handling charac-
teristics [18,37]. rCOL’s PLGA mesh potentially improves

www.ecmjournal.org

drapeability while maintaining degradation control, though
head-to-head studies are needed.

The granulation tissue and inflammatory infiltrate vi-
sualized on histology within the rPTFE group demonstrated
complications previously seen with PTFE membranes ow-
ing to the open microstructure portion [31]. For example,
macrophages respond rapidly to biomaterial implantation
and are the dominant infiltrating cells [38,39]. As such,
macrophages have been shown to respond and naturally
bind biomaterials, once implanted [38]. As per literature,
sub-micron pore sizes allow for gas exchange and perme-
ation of small molecules, but act as a barrier towards eu-
karyotic cells and bacteria [40]. However, the dense lym-
phocyte infiltrate beneath rPTFE (Fig. 5b) aligns with char-
acteristics of stage II foreign body reaction, where large
pore sizes could have permitted macrophage adhesion and
subsequent fusion into giant foreign-body cells [38,39].
Conversely, rCOL’s submicron collagen fibril spacing may
have physically restricted fusion, although this needs to be
quantitatively verified in future studies.

The goal of GBR, however, is not only to promote
new bone growth within the defect, but also to restore the
anatomical contour of the alveolus. In this regard, the ef-
fect of the rPTFE membrane on GBR was mitigated in
that the contour was qualitatively more knife-edged, with
signs of horizontal compromise of the alveolus and reduced
lingual wall thickness. While the current study does not
provide conclusive proof of the underlying cause of this
outcome, it is possible that the conventional full-thickness
flap design could have resulted in insufficient healing and
membrane exposure [41]. The added susceptibility of non-
resorbable membranes could have resulted in tissue inflam-
mation corroborated on the histomicrographs, leading to
reduced hard tissue formation within the defect. On the
contrary, collagen membranes have previously been shown
to exhibit low exposure rates compared to non-resorbable
counterparts, effectively reducing the occurrence of open
microenvironments for bacterial infection [9]. Further-
more, collagen-based membranes have demonstrated that
they accelerate early wound stabilization and initial closure
of the defect in clinical settings [42,43]. While the current
study did not evaluate membrane resorption or bacterial ad-
hesion/resistance, the qualitative and quantitative evidence
suggests that the rCOL membrane exhibited superior per-
formance relative to rPTFE counterparts, warranting future
studies that evaluate these in vivo parameters in detail.

Furthermore, hydrolysis of PLGA leads to the release
of acidic monomers, resulting in a localized decrease in
pH [15,44]. This acidification may cause tissue irritation
and inflammation, whereby inflammatory cytokines can
enhance osteoclastogenesis and prevent osteoblast activ-
ity/bone formation [44]. On the other hand, the ratio of
monomers significantly affects the physicochemical prop-
erties of PLGA and is a key factor in determining its ef-
ficacy for use in biomedical applications [45]. Typically,
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increasing the glycolic acid content in PLGA produces a
more acidic microenvironment and accelerates degradation
rates, owing to the greater hydrophilicity of glycolic acid
compared to lactic acid [45]. Therefore, it is recommended
that future research measures local pH levels and examines
correlation with bone density gradients and bone repair ob-
served in pCT reconstructions (e.g., Fig. 3f). Finally, it is
imperative to recognize the limitations of this study. The
current study evaluated bone regeneration solely at the 6-
week time point. The encouraging outcomes observed with
rCOL at this phase of the healing cascade indicate that sub-
sequent research should investigate extended timeframes to
yield an objective assessment of bone regeneration, mem-
brane degradation, and bacterial adherence/resistance prior
to clinical translation.

Conclusions

The resorbable rCOL membranes demonstrated supe-
rior healing outcomes characterized by minimal inflamma-
tion, higher levels of bone ingrowth within the defect site,
and greater lingual wall thickness compared to the non-
resorbable rPTFE membranes.
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