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Abstract

Guided bone regeneration (GBR) is a widely used clinical approach for managing bone
defects associated with periodontal disease in dogs, employing barrier membranes to
selectively direct tissue regeneration. The performance of these membranes is influenced
by composition, structural design, and degradation behavior, which together determine
biological responses and clinical outcomes. Biodegradable GBR membranes, fabricated
from natural polymers, synthetic polymers, or composite materials, offer advantages over
non-biodegradable membranes, including controlled resorption, elimination of secondary
surgery, and the potential for delivery of bioactive agents. Preclinical studies in dogs have
demonstrated that GBR membranes can promote periodontal regeneration, including bone
and cementum formation and space maintenance; however, optimization of degradation
behavior remains critical to align membrane resorption with tissue healing in some cases.
Clinical studies in dogs with naturally occurring periodontal disease remain scarce, and
only two biodegradable membranes (Ossiflex® and Doxirobe®) are commercially approved
for veterinary use, while all others are applied off-label. These limitations highlight the
need for more adaptable and cost-effective regenerative strategies, including membranes
that can be customized to different defect sizes and multifunctional membranes incorpo-
rating bioactive agents that will offer an advanced regenerative potential and improved
predictability in veterinary periodontal therapy.

Keywords: guided bone regeneration; biodegradable membranes; regenerative therapy;
veterinary dental health; canine periodontal disease

1. Introduction

In veterinary dental care, bone regeneration after periodontal disease in dogs remains
one of the most complex challenges due to several factors. The main challenges include
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structural tissue loss, soft tissue competition, variable healing response, and chronic inflam-
mation [1-3]. Disease progression is often also managed conservatively due to economic
constraints, limited clinical evidence, or limited owner compliance with home care [1,4].
To address this challenge, guided bone regeneration (GBR) can be used, as it employs
barrier membranes to direct the growth of bone and connective tissue while preventing
soft tissue infiltration into the regenerating area [5]. Given their anatomical and clinical
relevance, dogs are also the primary preclinical model for evaluating GBR membranes
and studying periodontal regeneration. GBR membranes are applied after conventional
periodontal treatment [4] and can be either non-biodegradable or biodegradable. However,
from a clinical veterinary perspective, the use of GBR membranes in animals is restricted to
biodegradable materials. Biodegradable GBR membranes can be produced from natural
polymers, synthetic polymers, or a combination of both [6]. Additionally, biodegradable
polymer matrices can be engineered to act as carriers for bioactive agents, enabling lo-
calized delivery to enhance bone regeneration and clinical outcomes [7]. The design of
the membrane is essential, as it must meet the main criteria, detailed in Section 2, to en-
sure clinical success [8-10]. Recent studies aimed to improve the current gold standard
of collagen membranes by exploring the use of other polymers [5,11]. Polymers play a
crucial role in various applications, and advancements in technology continue to drive
their exploration, as they are the foundation of many medical materials, including sutures,
tubes, implants, and tissue engineering, for their versatility [12]. This review discusses the
functional requirements of biodegradable GBR membranes, their performance in canines,
and future directions in biodegradable membrane technology for periodontal regeneration
in dogs.

2. Search Methodology

This is a narrative review of the literature on biodegradable membranes used in guided
bone/tissue regeneration (GBR/GTR) for periodontal regeneration in dogs. A literature
search was performed using Google Scholar and PubMed, using combinations of the terms

7o

“guided bone regeneration,” “guided tissue regeneration,” “biodegradable membrane,”
“periodontal,” and “dog/canine,”. No restriction was applied regarding publication date;
only articles published in English were considered.

Studies were included if they investigated the use of a biodegradable membrane for
guided bone or tissue regeneration specifically in dogs, either in preclinical settings using
surgically created periodontal or bone defects, or in clinical settings involving naturally
occurring periodontal disease. Studies conducted in other animal models or human subjects,
as well as those not involving a biodegradable membrane, were excluded. A small number
of studies in other species were cited for background on membrane material properties but

are not included in the tables summarizing dog-specific outcomes.

3. Functional Requirements of Biodegradable Membranes

Several types of membranes are used in GBR, including non-biodegradable mem-
branes and biodegradable membranes. Non-biodegradable membranes require a second
surgical procedure for removal, resulting in additional costs and increased surgical risks.
In contrast, biodegradable membranes degrade naturally over time, allowing progres-
sive material resorption during healing, and reduce complication rates and associated
expenses [13,14]. Their biocompatibility, ability to provide temporary scaffolding for tissue
repair, and prevention of soft tissue ingrowth have contributed to their increasing use in
veterinary clinical practice, often achieving comparable or superior outcomes compared to
non-biodegradable alternatives [11,15].
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The degradation process of a biodegradable membrane plays a critical role in ma-
terial performance and clinical success (Figure 1). Material degradation must occur in
a predictable and biocompatible manner, preserving membrane morphology, mechani-
cal stability, and barrier function during the early and intermediate phases of healing.
Clinically, premature degradation may result in soft tissue infiltration and compromised
bone formation, whereas excessively slow degradation can interfere with tissue remod-
eling and graft integration. Although ensuring long-term membrane stability remains
challenging, promising results have been achieved by optimizing degradation rates to
align with the tissue regeneration process and to retain the bone graft normally used with
GBR membranes [7,16]. To modulate degradation kinetics and improve mechanical perfor-
mance, crosslinking strategies are widely employed, particularly in natural polymer-based
membranes. Crosslinking is a chemical or physical process that introduces inter- or in-
tramolecular bonds between polymer chains, reducing polymer mobility, decreasing water
uptake, and slowing enzymatic or hydrolytic degradation while enhancing mechanical
strength. By adjusting crosslink density, membrane stiffness, durability, and resorption
behavior can be tailored to meet both biological and clinical requirements [17-20].
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Figure 1. Ideal functional requirements of GBR/GTR membranes for tissue regeneration.

Despite favorable clinical success rates in periodontal and bone regeneration,
biodegradable GBR membranes still present material-related limitations, including vari-
ability in degradation behavior and reduced mechanical strength compared to non-
biodegradable alternatives [10,11,21,22]. These challenges highlight the need for continued
optimization of membrane composition and structure to improve both material perfor-
mance and clinical predictability.

4. Biodegradable Guided Bone Regeneration Membranes in Canine

Guided bone and tissue regeneration (GBR/GTR) is considered an important thera-
peutic approach in canine periodontal therapy, supported by extensive pre-clinical research
and an increasing, though still limited, number of clinical studies in dogs [8,19].
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4.1. Pre-Clinical Studies

Canine models are well-established for preclinical evaluation of GBR membranes
because of their anatomical, biological, and healing similarities to humans. Studies in dogs
allow the assessment of key features of biodegradable membranes, such as safety and
degradation [23]. The following sub-sections examine these material categories in detail
and summarize the outcomes of studies conducted in canine models.

4.1.1. Natural Polymers

Natural polymers are widely used in GBR membranes because of their favorable
biological properties and multiple functional advantages. Collagen is the most widely used
natural polymer in GBR membranes, while chitosan and bacterial cellulose also show sig-
nificant potential (Table 1) [18,24-26]. As with all biodegradable membranes, degradation
must be optimized to maintain barrier function long enough for bone regeneration while

preventing soft tissue infiltration [19,20,27].

Table 1. Natural polymer membranes tested in canine pre-clinical studies.

Polymer Description Defect Type Degradation Co::/r;;e:lc)llilly
Acute peri-implant buccal
dehiscence defects [19]; Chronic N.D. [5,22,31]; Presence of the
peri-implant buccal dehiscence membrane: 3 weeks [33];
defects [22,28]; Acute buccal Light-to-moderate: 4 weeks [21,28];
Non-cross-linked porcine periodontal dehiscence Minor-to-complete degradation: Yes, Bio-Gide®
types I and III collagen defects [18,29]; Acute alveolar 24 weeks [19]; Severe-to-complete: (Geistlich,
membrane extraction socket defects [11]; 4-8 weeks [17,32], 12 weeks [28,29], Switzerland)
Acute critical-sized mandibular 16 weeks [10,19,21]; Complete
defects [19]; Acute alveolar ridge degradation: 4 weeks [18],
defects [21,30-32]; Chronic 12 weeks [11], 14 weeks [30]
alveolar ridge defects [5,17,33]
Yes, Remotis
Acute lateral alveolar ridge Severe-to-complete degradation: ];I;g?@gi;z;g::‘e.
defects [32] 8-12 weeks [32] Botiss biomaterials,
Non-cross-linked porcine Germany)
pericardium type I collagen Yes, Jason® membrane
membrane A -sh. 1 i i i
cute square-shape d bucca Complete degradation: 8 weeks [34] (Botiss biomaterials,
periodontal dehiscence Germany)
Collagen defects [34] Yes, Smartbrane®
(Regedent,
Switzerland)
Dehydrothermally

cross-linked porcine
pericardium type I collagen
membrane

Acute maxillary onlay bone
grafting model [35]

Barrier effect: 12 weeks [35]

Yes, OssGuide®
(Hyundai Bioland,
Republic of Korea)

Diphenylphosphoryl azide
cross-linked bovine type I col-
lagen membrane with vary-
ing degradation rates

Acute horizontal circumferential
periodontal defects [27]

Complete degradation:
3—4 months [27]

Yes, Paroguide®
(rapid-resorbing)

Chemically cross-linked

Acute alveolar ridge saddle-type

Severe-to-complete degradation:

No, Prototype VN

porcine collagen type I and III defects [36] 8 weeks [36] (Gelst}lch Pharma,
membrane Switzerland)
_ lethyl3-{3- o . Yes, Collagen
dimethylaminopropyl] . . Severe degradation: 4 weeks;
... Chronic narrow alveolar ridge . Membrane-P (Genoss,
carbodiimide (EDC) def 17 Complete degradation: 3
cross-linked porcine type I efects [17] 8-16 weeks [17] uwon,
Republic of Korea)

collagen membrane
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Table 1. Cont.
Polymer Description Defect Type Degradation Commercially
y p yP & Available
Acute peri-implant buccal Yes, Collagen
dehiscence defects [24,37]; acute Severe-to-complete degradation: Membrane 1 Hard
Lethyl-3-[3- dardized buccal alveol 8 weeks [24,37,38 G S
dimethylaminopropyl] stan a; 1zed fucca 3‘; veolar weeks [24,37,38] R( erg;'ss, f1;<w0n,
carbodiimide (EDC) one defects [38] epublic of Korea)
cross-linked bovine type I Yes, Collagen
collagen membrane Chronic peri-implant buccal Moderate degradation: Membrane 2 Soft
dehiscence defects [39] 16 weeks [39] (Genoss, Suwon,
Republic of Korea)
Acute peri-implant buccal
Collagen dehiscence defects [10]; acute Moderate degradation: Yes, BioMend®
buccal periodontal dehiscence 16 weeks [10]; Complete (Zimmer
Glutaraldehyde cross-linked defects [18]; acute mandibular degradation: 4 weeks [18], Dental Inc, Carlsbad,
bovine type I collagen one-wallfed periodontal 8 weeks [40] CA,USA)
membrane defects [40]
. Yes, Cytoplast RTM®
A;Eﬁfs}z:ggzl d}:;?c(;sc,l?lné%t]a ! Complete degradation: 4 weeks [18] (CYT; Osteogenics
Biomedical, Inc., USA)
Enzymatic cross-linked . . Barrier effect: 16 weeks; Severe to Yes, OSSIX® Plus
. Acute bilateral mandibular . . .
porcine type I collagen e . complete degradation: (ColBar LifeScience,
critical-size bone defects [19]
membrane 24 weeks [19] Israel)
Chitosan + 1% and 2% chitosan- Acute peri-implant buccal Severe-to-complete degradation: No
Collagen collagen membrane dehiscence defects [25] 4 weeks [25]
Bacterial Electron beam-irradiated Acute peri-implant buccal Presence of the membrane: No
Cellulose bacterial cellulose membrane dehiscence defects [24] 8 weeks [24]

Collagen

Non-cross-linked collagen membranes (Table 1) are normally derived from bovine or
porcine sources and retain the native structure of collagen, which promotes cell adhesion
and supports vascularization and tissue regeneration [17,33]. Several collagen membranes
tested in vivo in canine models will be described below.

® membrane, and Smartbrane®

Remotis, Jason are non-cross-linked porcine type I
collagen membranes with reported effects on bone and cementum formation and a degra-
dation time of eight to twelve weeks in dogs [32,34]. Remotis has an interconnected pore
system that facilitates cell proliferation, demonstrates good biocompatibility both in vitro
and in vivo, and supports tissue integration and vascularization. Compared with Bio-
Gide®, it exhibited superior structural integrity and porosity in a canine buccal bone defect
model [32]. In comparative analyses, Jason® membrane showed superior cementum forma-
tion and bone regeneration compared to controls, while Smartbrane® showed cementum
formation comparable to 3D-printed gelatin membranes and increased bone formation
relative to controls in canine critical-size dehiscence defects [34].

Bio-Gide®, a non-cross-linked porcine type I and III collagen membrane, is a bilayer
membrane that can be used alone [21] or in combination with graft particles to stabilize
them in dogs’ critical-size defects, chronic alveolar ridge defects, and two-wall chronified
defects [5,19,33]. When combined with a poly-D, L-lactic acid (PDDLA) plaque, it resulted
in greater tissue mineralization, likely due to its superior volume stability in saddle-
type defects surgically created in dogs [30]. Both Bio-Gide® and Remotis promote tissue
integration, vascularization, and bone formation, although Remotis exhibits greater in vivo
degradation resistance, persisting for eight to twelve weeks, compared with four to eight
weeks for Bio-Gide® in a canine buccal bone defect model [32]. Several studies suggest
that regenerative outcomes improve when collagen membranes are combined with bone
grafts [5,11,22,28,29], with results comparable to synthetic polylactic membranes [5,28],

or even superior [28,29], although one study reports no added benefit over the graft
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alone [31]. Recent findings suggest limited regenerative outcomes at collagen-treated sites,
with irregular ridge contours and fibrous tissue surrounding the graft in a canine alveolar
bone defect model [11]. Overall, non-cross-linked collagen membranes provide the general
benefits of collagen but exhibit inconsistent structural stability and variable regenerative
performance [10,11,21,22].

Cross-linking slows collagen degradation and improves early mechanical stability.
Because the barrier effect is essential, crosslinking strategies have been used to optimize
the degradation and structural integrity of these collagen membranes [17-20].

OssGuide®, a dehydrothermally cross-linked membrane from porcine pericardium,
maintained graft shape and barrier function during early healing in an alveolar ridge defect
in a dog model, whereas Bio-Gide® degraded rapidly within one to two weeks, showing
early collapse. OssGuide® provided superior dimensional stability in the initial period, but
by eight to twelve weeks, both membranes supported comparable new bone formation [35].
To improve structural integrity and resorption time, chemical crosslinking agents such as
diphenylphosphoryl azide (DPPA) and glutaraldehyde have been used [17,18,27]. DPPA-
cross-linked rapid-resorbing membranes outperformed slow-resorbing ones and showed
outcomes comparable to expanded Polytetrafluoroethylene (ePTFE) in horizontal circum-
ferential defects created in dogs, whereas slow-resorbing membranes were associated with
gingival recession and poor tissue integration [27]. Two dehiscences occurred with a pro-
totype chemically cross-linked collagen membrane, leading to membrane exposure and
affecting the eight-week outcomes. Although this prototype produced greater bone height
in dog saddle-like defects than both the control (no membrane) and Bio-Gide®, the authors
recommended further studies due to the 33.3% complication rate [36].

Genoss® collagen membranes comprise three EDC-cross-linked type I collagen vari-
ants: Collagen Membrane 1 (Hard) and Collagen Membrane 2 (Soft), both bovine, and
Collagen Membrane-P, porcine origin. Collagen Membrane 1 (Hard) has been shown to
support bone regeneration and connective tissue formation in dog peri-implant dehiscence
defects [24,37] as well as in standardized bone defects of healed edentulous ridges at eight
weeks, but being severe to completely degraded at that time [38]. Collagen Membrane-P
was compared with Bio-Gide® to evaluate whether EDC crosslinking enhances tissue inte-
gration in a chronic narrow ridge. Although Bio-Gide® degraded more rapidly, it showed
superior integration, being replaced more quickly by dense connective tissue and display-
ing enhanced angiogenesis [17]. Notably, Collagen Membrane 2 (Soft), when combined
with a bone graft, was significantly more favorable for horizontal bone regeneration of
chronic buccal peri-implant dehiscence defects surgically created in dogs than Bio-Gide®
with a bone graft [39].

Cytoplast RTM® and BioMend®, both glutaraldehyde-cross-linked bovine type I colla-
gen membranes, implanted into dogs’ critical-size periodontal dehiscences, supported PDL
regeneration with structural organization improving from four to eight weeks and were
fully resorbed by four weeks. Cytoplast RTM® achieved the greatest new bone height at
four weeks, while Bio-Gide® reached its peak in eight weeks. BioMend® showed slower
bone maturation [18] but supported new cementum, bone, and connective tissue forma-
tion at eight weeks, though chitosan-based membranes performed better in one-walled
intrabony defects in dogs [40]. In another study, both Bio-Gide® and BioMend® promoted
comparable bone regeneration in implant dehiscence defects, including increases in bone
height, volume, and bone-to-implant contact by sixteen weeks. Though BioMend® retained
partial structural integrity slightly longer, both membranes’ outcomes were mainly influ-
enced by space maintenance and avoidance of membrane exposure rather than degradation
rate [10]. These differences highlight how degradation patterns and structural properties in-
fluence regeneration, while the cytotoxic potential of crosslinking agents remains a concern.
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As an alternative, enzymatic crosslinking via glycation, exemplified by GLYMATRIX® tech-
nology, uses ribose to improve mechanical strength and degradation control [19]. OSSIX®
Plus, developed with GLYMATRIX® technology, provided a barrier effect for up to sixteen
weeks and nearly complete degradation at six months in dogs with bilateral critical-sized
defects, with complete membrane ossification and no signs of inflammation, emphasizing
its clinical potential [19].

Chitosan

Chitosan has been studied due to its biocompatibility, biodegradability, and antimicro-
bial properties [25]. These characteristics have motivated its investigation of membrane
fabrication in bone regeneration due to its ability to support cell growth and tissue repair
and enhanced physicochemical properties, especially when cross-linked with (3-glycerol
phosphate [41]. In veterinary research, chitosan-collagen membranes were evaluated as
more stable alternatives to collagen alone. Although 2% chitosan-collagen membranes
improved vertical bone growth in canine acute buccal dehiscence-type defects compared
with no treatment, neither formulation outperformed the collagen membrane, likely due to
degradation at four weeks that impaired the barrier effect and limited bone formation [25].

Cellulose

Bacterial cellulose exhibits good biocompatibility and physicochemical properties,
resembling collagen membranes, and forms a highly pure nanofibrous network [25]. How-
evet, its low biodegradability, slow degradation rate [42], and limited cellular response
restrict its use in GBR. To enhance resorption and cell adhesion, electron beam irradiation
has been used to increase membrane porosity while maintaining tensile strength. Electron
beam-irradiated bacterial cellulose achieved cell adhesion, proliferation, and bone regener-
ation comparable to a commercial collagen membrane (Collagen Membrane 1, Genoss) in
canine peri-implant dehiscence defects after eight weeks [24].

4.1.2. Synthetic Polymers

Synthetic polymers include polylactic acid (PLA), polyglycolic acid (PGA), polycapro-
lactone (PCL), and their copolymers such as poly(lactic-co-glycolic acid) (PLGA) and
poly(lactide-co-caprolactone) (PLCL), poly-lactic acid-co-glycolic acid-co-e-caprolactone
(PLGC), as well as hydrophilic polymers like polyethylene glycol (PEG). These materials are
widely used in biomedical applications due to their reproducible processing and customiz-
able properties. By adjusting polymer composition, monomer ratios, or incorporating PEG
segments, degradation rate, mechanical behavior, and hydrophilicity can be customized to
match the needs of tissue regeneration [43].

Polylactic Acid (PLA)

Guidor®, a double-layer polylactic acid-citric acid ester membrane, supported new
bone formation, revascularization, and later bone maturation, performing similarly to
Goretex® and enhancing tissue ingrowth compared with untreated alveolar ridge de-
fects [15]. When combined with bone grafts, it improved early outcomes and achieved
hard- and soft-tissue regeneration in two-wall chronified bone defects in dogs comparable
to the collagen membrane Bio-Gide® [5]. In peri-implant dehiscence defects, Guidor® and
Bio-Gide® both facilitated new bone formation with or without grafts. Guidor® provided
better space maintenance and greater tissue width for four weeks. Though volume loss was
observed in the Guidor® group by twelve weeks, differences were not significant. Notably,
Guidor® alone still produced substantial bone at both time points, with the membrane-only
group yielding more new bone than groups treated with a graft in peri-implant dehiscence
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defects [28]. Complete to moderate degradation was reported after three months in all the
studies (Table 2) [5,15,28].

PLA materials differ in degradation profiles, with crystalline Poly-L-lactic acid (PLLA)
and poly-D-lactic acid (PDLA) degrading slowly, while amorphous poly-D, L-lactic acid
(PDLLA) degrades more rapidly [44]. Early DL-PLA membranes effectively regenerated
bone, cementum, and connective tissue in buccal periodontal defects created in dogs,
with degradation rates adjustable by altering oligomer content. Incorporating higher
proportions of low-molecular-weight PLA oligomers accelerated degradation, while lower
proportions slowed it down. These findings allow membranes to be designed for the
specific requirements of a given defect [16]. ATRISORB®, composed of DL-PLA dissolved
in N-methyl-2-pyrrolidone (NMP), solidifies on contact with moisture and can be molded
directly onto defects. It has shown biocompatibility and controlled degradation in canine
models, demonstrating regeneration of bone, cementum, and periodontal ligament in both
class II furcation defects [45] and naturally occurring buccal dehiscence defects in dogs [46].

Table 2. Synthetic polymer membranes in canine pre-clinical studies.

Polymer Description Defect Type Degradation Commercially Available
Acute standardized Fragmented and replaced by
through-and-through 1 ®
) a granuloma at Yes, Guidor® (Guidor AB,
alveolar bone defects [15]; 6 ths [47]; C let Swed
Double-layer PLA blended Class III Periodontal d mocrll t‘S . 3’ OTE < 195 weden)
with acetyl tributyl citrate furcation defects [47] egradation: 3 months [15]
membrane - .
No degradation to minor
Chronic peri-implant buccal degradation: 4 weeks; Yes, GUIDOR® (Sunstar,
dehiscence defects [5,28] Moderate degradation: Switzerland)
Polylactic Acid (PLA) 12 weeks [5,28]
Thin films of high Complete degradation: 0%
molecular weight (Mw) Acute buccal periodontal and 10%—More than No

PLA with added low-Mw
oligomers (0-30%)

dehiscence defects [16]

6 months; 30%—3 to
4 months [16]

DL-PLA dissolved in
N-methyl-2-pyrrolidone
(NMP) composite
membrane

Class II periodontal
furcation defects [45];

Suggested 9 to 12 months
until full absorption; Barrier
present at 6 months [45];

Chronic periodontal
dehiscence defects [46]

Light degradation: 5 months;
Marked degradation: 6 to
8 months [46]

Yes, Atrisorb®
(Birmingham
Polymers/ Atrix
Laboratories, USA)

Polylactide-glycolide
copolymer film

Class II periodontal
furcation defects [48]; Class
III periodontal furcation
defects [47,49,50].

N.D. [47-50].

Yes, Gore Resolut®
(Gore-Tex, USA)

Double-layer PLGA

Acute alveolar ridge

5-6 months advertised by
the manufacturer; Moderate

Yes, Gore Resolut Adapt
membrane® (W.L. Gore &

Poly(lactic-co-
glycolic acid) (PLGA)

membrane defects [7] degradation: 4 months [7] Assoc., USA)
Yes, supplied by
Acute alveolar extraction Complete degradation: Chongging Yongtong
socket defects [51] 4 weeks [51] BIO-Pharmaceutical
Poly-d,1-lactide-co- Limited Liability Co., Ltd.
glycolide membrane Acute alveolar extraction Complete degradation

socket defects [11]; Acute
created osseous periodontal
defects [52]

(advertised): 16 weeks;
N.D. [11]; Severe
degradation: 12 weeks [52]

Yes, GC Membrane (GC
Co., Tokyo, Japan)

Electrospun PLGA fibers
(50:50 PLA/PGA)

Acute V-shaped buccal
periodontal dehiscence
defects [29]

Severe degradation:
12 weeks [29]
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Table 2. Cont.
Polymer Description Defect Type Degradation Commercially Available
Poly(lactic Poly(lactic .
acid/caprolactone) acid/caprolactone) bilayer Acute alveolar extraction N.D. [11] No
(PLCL) membrane socket defects [11]
Polylactic e bined with
acid-co-glycolic acid- a colla ceon S orel o Acute alveolar ridge Marked degradation: No
co-g-caprolactone embe dge d 11}: bagic defects [53] 6 months [53]
(PLGO) fibroblast growth factor
. Chronic peri-implant buccal N.D. [54]; Minor
Polyethylene glycol Cross—hr}kec} PEG-based gel dehiscence defects [54]; degradation: 4 weeks; Yes', PEG membrane
for in situ-created . (Institut Straumann AG,
(PEG) membran Acute alveolar ridge Marked to complete Switzerland)
¢ ane defects [7] degradation: 4 months [7] era

Poly(Lactic-Co-Glycolic Acid) (PLGA)

Gore Resolut®, a PLGA membrane, showed outcomes comparable to non-resorbable
e-PTFE membranes in promoting cementum and bone formation in class III furcation
defects surgically created in dogs [49] and outperformed Guidor® at six months by en-
hancing bone and periodontal ligament formation in class III furcation defects, whereas
granuloma formation limited healing in Guidor®-treated sites [47]. When combined with
cell sheets, it further enhanced periodontal regeneration in class II and III defects, par-
ticularly new bone formation [48,50]. Its successor, Gore Resolut Adapt®, incorporates
polyglycolic acid/trimethylene carbonate (PGA-TMC) to improve flexibility and handling
while retaining barrier and degradation characteristics, supporting strong bone formation,
graft containment, and moderate degradation at four months in acute standardized defects
created in dogs [7].

Other PLGA-based membranes show variable performance. For example, one matched
collagen membrane in bone formation in extraction sockets in dogs but fully degraded
within four weeks [51]. The PGA/PLA-based GC Membrane degraded more slowly,
with residual fragments at twelve weeks, membrane collapse, incomplete bone formation,
and an irregular ridge with fibrous tissue surrounding the graft, although overall bone
formation remained comparable to Bio-Gide® in alveolar bone defects in dogs [11,52].
An electrospun 50:50 PLGA membrane combined with bone substitutes showed partial
degradation and limited bone formation in a V-shaped buccal dehiscence in dogs, with
Bio-Gide® performing better [29].

Poly(Caprolactone) (PCL)

Copolymerization of PCL with PLA or PLGA has been used to develop membranes
with controlled degradation and improved functional properties [11,53]. Poly(lactic
acid/caprolactone) (PLCL), a bilayer copolymer membrane incorporating e-caprolactone
into PLA, exhibits slower and more predictable resorption. Its compact layer provides
an effective barrier against bacterial infiltration [55], while the porous layer supports cell
proliferation and differentiation in vitro. In an alveolar bone defect model surgically cre-
ated in dogs, PLCL membranes maintained regular alveolar ridges and promoted marrow
and cortical bone regeneration [11]. Similarly, in lateral bone defects in dogs, poly(lactic-
co-glycolic acid-co-e-caprolactone) (PLGC) membranes combined with collagen sponges
and growth factor allowed connective tissue infiltration, stabilized the membrane, and
enhanced vascularization within and around the pores, although the independent effect of
the membrane was not fully assessed [53].

https:/ /doi.org/10.3390/dj14080522


https://doi.org/10.3390/dj14080522

Dent. |. 2026, 14, 522

10 of 21

Polyethylene Glycol (PEG)

PEG membranes placed over grafted bone defects in dogs were found to be cell-
occlusive, allowing only macrophage penetration, whereas collagen membranes allowed
infiltration of both fibrocytes and macrophages [54]. Jung et al. suggested that this reduced
soft-tissue integration could be a potential drawback. Although this limited soft-tissue
integration was noted as a potential drawback, PEG produced similar amounts of new
bone as collagen (Bio-Gide®) and showed no significant advantage over grafts alone after
six months [54]. Comparable outcomes were also reported when PEG was compared with a
double-layer PLGA membrane (Resolut Adapt membrane®) regarding new bone formation
and containment of the bone graft in acute standardized defects created in dogs [7].

4.1.3. Combination of Natural and Synthetic Polymers

Blending natural and synthetic polymers is a common strategy to merge the biological
advantages of natural polymers with the mechanical strength and controlled degrada-
tion of synthetic polymers. Such hybrid systems have been investigated in preclinical
studies in dogs, but their performance has been limited, with unpredictable degradation,
inflammation, and inconsistent support of bone formation [56,57].

Polyhydroxybutyrate-Hydroxyvalerate (PHB-HV) and Polyglactin 910

Polyhydroxybutyrate-hydroxyvalerate (PHB-HV), a bacterial polymer, reinforced with
polyglactin 910 to form the PHB-HVIPG membrane, showed minimal bone filling and
induced inflammation when applied immediately after implant placement in dogs. Its
unpredictable degradation (Table 3) raised concerns about its suitability for GBR membrane
production [56].

PLA and Collagen

Hybrid membranes combining poly(lactic acid) (PLA) with collagen faced similar
challenges. In dogs, two intercalated collagen membranes with a PLA layer failed to
support bone regeneration, as PLA induced a foreign body reaction and inflammation,
increasing resorption of newly formed bone in lateral bone defects in dogs [57].

Table 3. Natural and synthetic polymer composite membranes in canine pre-clinical studies.

.. . Commercially
Polymers Description Defect Type Degradation Available
Polyhydroxybutyrate- Acute alveolar
hydroxyvalerate Hydrolyzable polyester extraction socket
reinforced with y y POty .. N.D. [56] No
polyglactin material peri-implant
910 (PHB-HV/PG) defects [56]
Membrane is composed Chronic healed Complete degradation
Collagen and of 3 layers: mandibular lateral (collagen): 4.5 months; N
polylactide (PLA) Two of collagen and one of alveolar ridge Moderate degradation (PLA): ©
polylactide (PLA) defects [57] 4.5 months [57]

4.1.4. Multifunctional Membranes

GTR membranes have traditionally functioned as passive barriers, preventing soft
tissue invasion and preserving space for bone healing. However, many conventional
membranes fail to meet the complex biological and mechanical demands of bone regen-
eration [58]. To overcome these limitations, multifunctional membranes (Table 4) have
been developed, combining barrier function with properties such as antimicrobial activity,
osteoconductivity, angiogenic stimulation, or controlled release of bioactive molecules.
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Incorporating bioactive agents, solvents, or coatings with natural ceramics or clays can
further enhance regenerative potential [29,40,52,59].

Table 4. Multifunctional polymer membranes in pre-clinical canine studies.

Type of - . Commercially
Bioactive Agent Polymer Description Defect Type Degradation Available
PGA and PLA
copolymerized GTR Acute created Severe degradation:
membrane (GC membrane)  osseous periodontal & ’ No
; o 12 weeks [52]
Antibiotics Polylactic-co-glycolic lo:iided w1t%1 25% defects [52]
ntibi - :
acid (PLGA) oxycycline
Metronidazole-loaded Actl:ite;tilctc il
PLGA films produced by periodonta N.D. [60] No
the solvent-casti thod dehiscence
e solvent-casting metho defects [60]
Three-layered chitosan
. membrane loaded with a Acute mandibular
Polyphenolic . Complete
Compound + Statin Chitosan natural catechin, one-walled degradation: No
p Dru epigallocatechin-3-galate periodontal 8 weeks [ 40]'
& (EGCQG), and a statin, defects [40]
lovastatin
Rigid PHB membranes .
Polyhydroxybutyrate containing 25 to 35% Class.H periodontal N.D. [61] No
(PHB) . furcation defects [61]
hydroxyapatite
[-tricalcium phosphate ) .
combined with Acute critical-sized Present: 4 weeks;
Poly-L-lactide copolymerized mandibular dgirggalfit(fn No
poly-L-lactide by the heat defects [59] 3 v%eeks [ 59]’
kneading method
[-tricalcium phosphate
. combined with Acute critical-sized In PBS, 24 weeks;
Ceramics Poly(l-l'achde-co- copolymerized mandibular In vivo, presence is
ca fé{’:ggigcg)f&; 0) poly(l-lactide-co-glycolide- segmental bone not clear at No
p co-e-caprolactone) by heat defects [62] 4 weeks [62]
kneading method
Collagen and Fish Cou.ager}’ chitosan, and Class II periodontal
¢ bioactive glass . N.D. [63] No
Chitosan (Col/BG/CS) furcation defects [63]
Composite of
nano-hydroxyapatite Ectopic subcutaneous ~ Collagen degradation
C?H&g_fn tair;ld) combined with a natural implantation after 2 weeks of No
polyll-acude (collagen) and a synthetic model [64] implantation [64]
(PLA) polymer
Electrospun attapulgite bAcutle V;?hgpif 1 Severe degradation:
Clay PLGA (ATT)-doped PLGA uceat pertoconta evere degratation: No
scaffold dehiscence 12 weeks [29]
defects [29]
Poly(lactide-co-glycolide) PLGA/NMP
carbg;?teeti};lse;‘f and Acute peri-implant medn;bll‘jg:izoie"gere Yes, Inion®
Solvent PLGA . buccal dehiscence & , GTR™ (Inion
N-methyl pyrrolidone defects [65] months; PLGA/NMP Ov, Finland
(NMP)-releasing membrane : membranes + graft: y, Finland)
(PLGA/NMP) Intact: 3 months [65]
Construct of PLGA
Poly(lactide-co- combined with Acute standardized Moderate
Growth factor }i colide) recombinant human buccal periodontal degradation: 2, 4, No
&gl growth/ differentiation pocket defects [66] and 6 weeks [66]
factor-5 (rhGDF-5/PLGA)
Antibiotics

Tetracyclines are notable for their dual antibacterial and regenerative effects. Topi-
cal doxycycline, for example, enhances osteogenesis and, when combined with a PLGA
membrane, prevents infection and promotes new attachment and bone formation com-
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pared to PLGA alone, although membrane collapse into the defect and severe degradation
(Table 4) were observed at twelve weeks in alveolar bone defects in dogs [52]. In contrast,
metronidazole-loaded membranes did not show additional benefits over PLGA alone, de-
spite promoting some new attachment and bone formation compared to untreated buccal
dehiscence-type defects in dogs [60].

Polyphenols

Polyphenols are plant-derived compounds with antioxidant, anti-inflammatory, and
antimicrobial properties, making them attractive for incorporation into biomaterials to
support tissue regeneration and prevent infection [67]. A trilayer chitosan membrane,
inherently antibacterial, was developed with epigallocatechin-3-gallate (EGCG) on the
surface and controlled release of lovastatin from the middle layer. When used with a
hemostatic gelatin-based sponge and compared to the collagen membrane BioMend®,
it enhanced the formation of new cementum, bone, and connective tissue and showed
enhanced bone regeneration in one-walled intrabony defects created in dogs [40].

Natural Ceramics

Natural ceramics such as hydroxyapatite, 3-tricalcium phosphate (3-TCP), and bioac-
tive glass are incorporated into membranes for their biocompatibility and osteoconductive
properties, providing scaffolds for cell attachment and proliferation [61-63]. Attempts
to integrate ceramics into membranes included polyhydroxybutyrate (PHB) membranes
containing 25-35% hydroxyapatite. However, these rigid membranes showed limited bone,
cementum, and periodontal ligament regeneration in dog class II furcation defects and
were associated with inflammatory infiltration. Early membrane exposure from day eight
and the lack of adaptability of the rigid membrane to the defect likely contributed to these
results, as contamination normally impairs bone regeneration [61].

More adaptable ceramic-polymer composites incorporating 3-TCP were developed. A
copolymerized poly-L-lactide/3-TCP membrane (TCP/CPLA) demonstrated significant
bone regeneration in surgically created mandibular defects in dogs, producing 90% new
bone fill at twelve weeks, although the membrane was not radiographically visible at
eight weeks [59]. Due to the high softening temperature and potential cytotoxicity of the
TCP/CPLA membrane, a modified composite incorporating 3-TCP and poly(L-lactide-co-
glycolide-co-¢-caprolactone) (PLGC) was later introduced. This more flexible membrane
generated significant bone regeneration, achieving a 95% increase in bone height com-
pared to 5% in controls at twelve weeks, though it was radiographically undetectable at
four weeks [62].

Based on the need for improved membrane adaptability and biological performance,
combining ceramics with polymer blends has emerged as a strategy to better mimic bone
architecture and enhance structural integrity and cellular interactions [64]. Such compos-
ites can include natural-natural, synthetic-synthetic, or natural-synthetic polymer blends,
often integrated with ceramics to improve biocompatibility, osteoconductivity, and me-
chanical stability [37,63,64]. A representative natural-natural composite is the fish colla-
gen/chitosan/bioactive glass (Col/BG/CS) membrane. In a dog class II furcation defect
model, this membrane enhanced new bone formation, promoted dense connective tissue,
and reduced inflammation compared to control defects at both one and two months. It
also showed in vitro antibacterial activity against Streptococcus mutans [63]. For natural-
synthetic blends, a nano-hydroxyapatite/collagen/poly(L-lactide) (nHAC/PLA) compos-
ite supported the implantation of osteogenic-induced periodontal ligament stem cells in
subcutaneous pockets, demonstrating biocompatibility and promoting cell proliferation.
Although collagen degraded after two weeks, the nano-hydroxyapatite and PLA matrix
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remained intact. This composite also produced greater new bone formation compared to a
hydroxyapatite/tricalcium phosphate (HA /TCP) graft [64].

Clay

Clays are emerging additives in GBR membranes due to their biocompatibility and
functional properties. Attapulgite, a magnesium-aluminum phyllosilicate, provides a
porous scaffold and releases magnesium and silicon ions that stimulate osteoblast activity,
collagen synthesis, and hydroxyapatite formation [68]. When incorporated into an electro-
spun PLGA membrane, attapulgite enhanced bone regeneration to levels comparable with
Bio-Gide® and better than PLGA alone in V-shaped buccal dehiscence in dogs [29].

Solvent

Solvents can act as bioactive agents by increasing permeability, supporting controlled
release, and influencing biological processes. A PLGA/NMP membrane showed perfor-
mance comparable to the collagen membrane Bio-Gide® when used with a bone substitute
and tended to increase horizontal bone formation in buccal dehiscence defects. How-
ever, without a bone graft, the PLGA/NMP membrane performed worse than Bio-Gide®,
indicating the need for graft material to achieve favorable outcomes [65].

Growth Factors

Growth factors can be incorporated into GBR membranes to promote osteogenesis.
In a defect model, an injectable poly(lactide-co-glycolide) (PLGA) composite combined
with recombinant human growth/differentiation factor-5 (rhGDEF-5) showed controlled
degradation and enhanced bone formation in surgically created periodontal pockets over
the buccal roots compared with the control [66].

4.2. Clinical Studies in Dogs with Naturally Occurring Periodontal Disease

While pre-clinical research in dogs based on surgically created defects is abundant
in the literature, there is a notable scarcity of large-scale clinical trials focusing on dogs
with naturally occurring periodontal disease [8,14,69,70]. This distinction is critical because
surgically induced defects may not fully replicate the complexity and dynamics of the
microenvironment found in dogs [69].

In this context, although the use of membranes for GBR/GTR is well established and
moderately common in specialized veterinary clinics, their broader clinical application
remains limited. In everyday decision-making, their application depends on factors such
as defect type, surgical skill, cost, and the owner’s interest in preserving strategically
important teeth [8,71]. Membranes are more frequently employed in vertical periodontal
defects and in the management of strategic teeth, such as canines and premolars, where
tooth preservation is a priority [72,73], whereas they are less commonly used in extensive
horizontal defects or in very small or brachycephalic dogs, where the technique may be
more challenging [69].

Nevertheless, recent clinical studies have provided data on the performance of various
bioabsorbable membranes in dogs [8]. Among these, only a limited number of mem-
branes are currently validated for veterinary use, namely a demineralized freeze-dried
bone membrane allograft (DFBMA; Ossiflex®) [74,75] and a doxycycline-containing liquid
polymer, Doxirobe® [71,76,77], in contrast to other membranes that have been used as
off-label. Ossiflex® is made from canine cortical bone and, to our knowledge, is the only
commercially available barrier membrane specifically validated for veterinary use. Clinical
evaluations of intrabony periodontal defects have shown that DFBMA used in combina-
tion with bone allografts can reduce probing depths and restore physiological values at
treated sites, with similar improvements in periodontal probing reported in infrabony
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defects [72,75]. In a large retrospective analysis of 112 procedures, bone membranes were
significantly more effective than liquid polymer barriers in achieving attachment gain,
particularly in deep vertical defects [8]. Despite these differences, the liquid polymer
membrane Doxirobe® remains an important option in cases where adaptability to irregular
defect morphology is critical, offering advantages in handling and defect conformity that
solid membranes cannot provide. Doxirobe® is composed of N-methyl-2-pyrrolidone and
poly(DL-lactide) containing 8.5% doxycycline and is approved for local antibiotic delivery
in veterinary medicine but is commonly used for GTR as an off-label product [71,76]. The
main clinical advantage lies in handling characteristics, as the material is initially liquid
and can adapt closely to irregular defect morphology before polymerizing into a solid
barrier. Case series report reductions in probing depth and radiographic evidence of new
alveolar bone formation at six months [76]. However, due to their tendency to slump, these
materials may collapse if not supported by bone grafts. When added in combination with
an autogenous cortical graft [71] or bioactive glass particles [77] has shown promising
results, particularly in vertical defects.

Beyond membranes validated for veterinary use, several off-label products adapted
from human dentistry have been studied for canine GTR/GBR in dogs with naturally occur-
ring PD disease. Collagen membranes with different degrees of cross-linking, Paroguide®
and Colética (Colética Corp., Lyon, France), were compared to the non-resorbable ePTFE
membrane, Goretex®, achieving full regenerative effect by four weeks, while ePTFE re-
quired up to twelve weeks, likely due to removal at six weeks. All three membranes, weakly
cross-linked collagen, strongly cross-linked collagen, and non-resorbable ePTFE, produced
comparable levels of new attachment, bone, and cementum in naturally occurring peri-
odontal defects despite variations in degradation rates [14]. In addition, polycaprolactone,
polycarbonate, silicone rubber, and ePTFE membranes demonstrated similar promotion of
new cementum and bone in class II furcation defects in dogs, with regeneration significantly
exceeding that of untreated controls. Some synthetic membranes, such as polycaprolactone
and polycarbonate, triggered higher inflammatory responses, likely due to slower degrada-
tion, while silicone rubber induced minimal inflammation. No single membrane showed
clear superiority, and complete regeneration was not achieved [70]. Guidor®, a double-layer
polylactic acid-citric acid ester membrane, has demonstrated effective periodontal and bone
regeneration in naturally occurring buccal class II furcation defects. It outperformed e-PTFE
(Goretex®) in promoting periodontal regeneration and reducing inflammation, and showed
results comparable to polydioxanone membranes, which supported new bone, cementum,
and periodontal ligament formation, with both materials achieving outcomes similar to
a healthy furcation by twelve months [9]. These findings reinforce that bioresorbable
membranes can effectively replace non-resorbable barriers, achieving similar regenerative
outcomes while allowing less invasive treatment and eliminating the need for a second
surgery, though further comparative studies are needed to optimize clinical application.

Keeping this in mind, recent strategies have explored bioresorbable scaffolds, such as
ReGum™, a porcine gelatin matrix cross-linked with transglutaminase, as a porous scaffold
for periodontal regeneration. In a multicenter clinical study involving dogs with naturally
occurring periodontitis, the addition of this implant to open periodontal therapy resulted
in significant improvements in probing depth reduction compared with root planing only.
Gelatin, a derivative of collagen, allows for preserving the cellular binding sites that
promote tissue regeneration, and these scaffolds were reported as safe, easy to handle, and
particularly effective in increasing alveolar bone height on the buccal aspect [69]. Although
these membranes are not currently licensed for clinical use in dogs, their evaluation and
approval for veterinary use are important to ensure safety and predictable clinical outcomes.
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4.3. Cross-Study Synthesis and Comparative Analysis

Across the membrane categories reviewed above, degradation rate alone did not
consistently predict the regenerative outcomes, both in preclinical and clinical settings.
Within collagen membranes, faster-degrading formulations such as Bio-Gide® matched
or outperformed more resistant cross-linked alternatives [17,35], while slow-resorbing
DPPA cross-linked membranes underperformed rapid-resorbing ones [27]. Synthetic mem-
branes showed a similar pattern, where the predictability of the degradation and not the
degradation rate distinguished the PLGA formulations with better outcomes from the
ones associated with membrane collapse [11,51,52]. PEG membranes further demonstrated
that properties independent of degradation, such as cell-occlusivity, can limit outcomes
despite resorption times comparable to collagen [7,54]. The combination of natural and syn-
thetic showed no controllable degradation, with unpredictable resorption of the synthetic
polymer compromising outcomes despite the natural polymer biocompatibility [56,57].
Clinical studies showed results similar to the preclinical ones, with membranes with dif-
ferent degradation profiles demonstrating comparable attachment, bone, and cementum
formation [9,14,70].

Structural stability, space maintenance, and adaptability to defect morphology in-
stead predicted more consistently the regenerative success of the membranes. Comparable
outcomes between BioMend® and Bio-Gide® were attributed to space maintenance and
avoidance of membrane exposure and not to degradation rate [10]. Regarding multifunc-
tional membranes, mechanical adaptability, rather than the incorporated bioactive agent,
determined whether the additional functionality translated into improved performance.
For example, rigid ceramic-loaded membranes failed despite their osteoconductive po-
tential [61], whereas more flexible ceramic-polymer composites achieved substantial bone
regeneration [59,62]. In clinical settings, handling and adaptability to the irregular defect
morphology were more relevant than degradation rate, allowing the use of Doxirobe®
despite bone membrane allografts achieving greater attachment gain in deep vertical
defects [8].

Comparing across categories (Table 5, Figure 2), natural polymers offer strong bio-
compatibility and handling but variable barrier maintenance, which can go from early
collapse [35] to a sixteen-week barrier effect [19] depending on the cross-linking used.
Synthetic polymers allow more reproducible, customizable degradation [16], though poorly
controlled formulations still result in collapse and irregular ridge contour [11,52]. Hybrid
natural-synthetic membranes perform least favorably overall, with unpredictable degrada-
tion and inflammation limiting bone formation regardless of material combination [56,57].
While multifunctional membranes have an increased potential by allowing the incorpo-
ration of a wide range of biological functions, their success is determined more by their
structural properties rather than the incorporated bioactive agent [52,61,62,65]. Complica-
tions, including membrane exposure, foreign body reaction, and collapse, occurred across
all four categories, not being limited by a single material type [11,27,36,56,57,61]. Therefore,
structural stability, space maintenance, and adaptability to defect morphology emerge as
more reliable predictors of regenerative success than degradation rate or material type,
both in preclinical and clinical settings in dogs.
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Table 5. Comparative overview of biodegradable membrane categories evaluated in canine
GBR/GTR studies.

Membrane Degradation Mechanical

Category Barrier Maintenance Handling Controllability Strength Complication Rate

Variable ranging from early
collapse (1-2 weeks) to

Natural polymers prolonged barrier function Good Low to moderate Low to Moderate due to membrane
. moderate exposure and/or early collapse
(16 weeks), depending on
cross-linking [19,35]
. Customizable th{'ough Moderate ngh being Moderate to Variable depending on
Synthetic polymers polymer composition and adjusted by . :
. to good . high formulation [11,52]
monomer ratio design [16]
Combination of Low to High with reports of
natural and Poor Poor Low W inflammation and foreign body
. moderate .
synthetic reaction
Dependent on Moderate and
Multifunctional Dependent on the base Variable Dependent on the the base degepdent on
membrane base membrane membrane adaptability of the base

membrane

Comparative Degradation Ranges Across Membrane Categories

Bl NATURAL POLYMERS

Non-crosslinked Minor to complete degradation
Collagen
e Crosslinked Minor to complete degradation

Chitosan - Collagen - Severe to complete degradation
Bacterial Cellulose Resistant to degradation

B SYNTHETIC POLYMERS

PLA Minor to complete degradation
PLGA Severe to complete degradation
Marked
PLGE - degradation
PEG Minor to complete degradation
B HYBRID (NATURAL-SYNTHETIC)
(——-

—l' Moderate to complete degradation

PLA - Collagen

B MULTIFUNCTIONAL Degradation depends on base membrane category
e e

Multifunctional ! | Moderate to complete degradation

16 20 24 28

o
S
@
&

Weeks Post-Implantation

@ Reported degradation range f___‘, Limited data / high uncertainty

Figure 2. Comparative degradation ranges of biodegradable membrane categories evaluated in
canine GBR/GTR studies. Ranges reflect reported degradation data across included studies. The
variation within each category results from differences in defect model and healing period across the
underlying studies.

5. Future Perspectives in Biodegradable Membrane Technology
for Canine Periodontal Regeneration

Future directions in biodegradable membrane technology for canine periodontal re-
generation are increasingly centered on the development of multifunctional membranes
capable of combining physical barrier function with additional biological and mechani-
cal roles, while allowing better adaptation to the wide variability of periodontal defects
seen in dogs. 3D printing is gaining attention as a manufacturing strategy for controlling
membrane architecture, mechanical behavior, and degradation kinetics, with the added
advantage of customization to defect size and shape [34,78,79]. Experimental studies
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using 3D-printed membranes made from natural or composite polymers have shown
regenerative outcomes comparable to, and in some cases superior to, conventional colla-
gen membranes, supporting bone and cementum formation and maintaining space for
regeneration [34,37,79].

Despite these advances, the clinical use of GBR/GTR in dogs remains highly case-
dependent. Practical limitations such as increased cost, technical complexity, longer surgical
and anesthesia times [10], and the small number of membranes validated specifically for
veterinary use continue to restrict their broader use [8]. In addition, not all periodontal
defects are suitable for regenerative therapy, as small or predominantly horizontal lesions
often show limited benefits. Clinical outcomes are strongly influenced by defect morphol-
ogy, surgical technique, and owner compliance, while non-resorbable membranes further
reduce feasibility due to the need for a second surgical procedure [8,69,74,75]. Even so,
when cases involve vertical defects and the preservation of strategic teeth, GBR/GTR
remains a valid alternative to extraction [8,77].

Overall, these constraints point to the need for new, more adaptable regenerative
strategies and for their clinical testing in dogs with naturally occurring periodontal disease.
In this regard, advanced biodegradable membranes produced through 3D printing offer a
dual advantage: customization to individual defect morphology and the ability to tailor
key material properties through controlled scaffold design, which may help overcome
current limitations and improve the predictability and clinical relevance of regenerative
periodontal therapy in veterinary practice.
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