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W N e

Abstract: Guided tissue regeneration (GTR) membranes are pivotal in regenerative
medicine. While their effectiveness is established in general populations, their appli-
cation in immunocompromised patients, such as those with diabetes or cancer, remains
underexplored. This review evaluated evidence on GTR membranes in immunocompro-
mised settings, focusing on their mechanisms, outcomes, and challenges posed by systemic
conditions. A systematic search identified studies on GTR use in these populations. In-
clusion criteria were peer-reviewed articles in English on human samples or relevant
preclinical models. Of 218 articles, 5 met the criteria. These highlighted advancements
in GTR technologies, such as stem cell integration, growth factor-enriched scaffolds, and
scaffold-free tissue engineering. Stem cell-based approaches improved regeneration, espe-
cially with biomimetic designs incorporating bone morphogenetic protein-2. Innovations
like microcavity-rich scaffolds enhanced angiogenesis and osteogenesis, while scaffold-free
constructs minimized immunogenicity and supported functional tissue regeneration. Pre-
clinical models demonstrated GTR membranes’ potential for addressing large-scale tissue
deficits in compromised environments. GTR membranes show promise for immunocom-
promised patients, but further research is needed to validate their clinical efficacy, address
patient-specific challenges, and evaluate long-term outcomes. These technologies could
transform regenerative medicine, providing sustainable solutions for high-risk populations.

Keywords: guided tissue regeneration; immunocompromised patients; diabetes; cancer;
regenerative medicine

1. Introduction

Guided tissue regeneration (GTR) is a cornerstone in the field of regenerative medicine,
serving a critical role in restoring lost or damaged tissues [1]. Central to this approach is the
use of barrier membranes that direct the growth of specific tissues while simultaneously
preventing the infiltration of unwanted cells into the defect site [2]. These membranes
create a microenvironment conducive to tissue regeneration by isolating the injured area
and promoting the proliferation, differentiation, and migration of cells essential for re-
pair [3]. Over the past few decades, GTR has evolved significantly with the development
of advanced materials, including resorbable and non-resorbable membranes, each offering
distinct advantages. Resorbable membranes, often composed of polymers such as polylactic
acid or collagen, are designed to degrade naturally over time, eliminating the need for
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surgical removal [4]. Non-resorbable membranes, such as those made of expanded polyte-
trafluoroethylene, provide robust mechanical support and durability but require additional
surgical procedures for removal [5]. These technologies have demonstrated considerable
efficacy in enhancing wound healing and tissue repair, particularly in periodontal and
bone regeneration [6]. However, despite these advancements, their application in high-risk
populations, including immunocompromised individuals, remains insufficiently studied
and represents a critical gap in the current literature.

The importance of GTR extends beyond conventional applications, as it offers a tar-
geted and potentially transformative approach to addressing complex tissue defects in
patients with compromised health. Among high-risk populations, individuals with dia-
betes mellitus and cancer present unique challenges that complicate tissue healing and
regenerative outcomes [7]. Diabetes mellitus, characterized by chronic hyperglycemia, is
a metabolic disorder associated with a cascade of physiological impairments that hinder
wound healing [8]. Elevated blood glucose levels disrupt critical processes such as collagen
synthesis, angiogenesis, and re-epithelialization [9]. These disruptions are compounded by
persistent low-grade inflammation, which further impairs the body’s natural repair mech-
anisms [10]. Additionally, hyperglycemia has been shown to alter macrophage function,
resulting in delayed resolution of inflammation and an increased risk of chronic wound de-
velopment [11]. Similarly, cancer patients, particularly those undergoing chemotherapy or
radiotherapy, face significant barriers to healing due to their immunosuppressed state [12].
Chemotherapy reduces cellular proliferation, a key requirement for tissue repair, while
radiotherapy damages surrounding healthy tissues and impairs angiogenesis, leading to
delayed wound healing [13]. Both treatments also increase the susceptibility to infections,
which can further compromise the regenerative process [14]. The combined impact of
these factors underscores the need for specialized strategies to enhance tissue repair and
regeneration in these vulnerable populations.

Recent innovations in GTR membrane technologies offer promising solutions to the
challenges faced by immunocompromised patients. Bioactive membranes, which are en-
gineered to release therapeutic agents such as growth factors, have shown the ability to
enhance cellular proliferation, differentiation, and angiogenesis—key processes essential
for effective tissue repair [15]. For example, membranes incorporating bone morphogenetic
protein-2 (BMP-2) or vascular endothelial growth factor (VEGF) have demonstrated en-
hanced osteogenesis and vascularization in various preclinical studies [16]. Additionally,
antibacterial membranes represent a critical advancement, addressing one of the most
significant concerns in immunocompromised patients: the heightened risk of infection [17].
By incorporating antimicrobial agents such as silver nanoparticles or antibiotics, these
membranes not only promote tissue regeneration but also provide a protective barrier
against microbial colonization and biofilm formation [18].

Despite these advancements, there remains a significant gap in the literature regarding
the use of GTR membranes in immunocompromised populations. Most studies to date
have focused on healthy individuals or general populations, with limited investigation of
how these technologies perform under the altered physiological conditions associated with
immunocompromised patients. The few existing studies that address these populations
often do so indirectly, using preclinical models or focusing on specific aspects of the
regenerative process [19,20]. As a result, there is a lack of comprehensive understanding
regarding the efficacy, safety, and long-term outcomes of GTR membranes in these high-risk
groups. Furthermore, the heterogeneity within immunocompromised populations, such as
variations in glycemic control among diabetic patients or differences in cancer treatment
regimens, adds another layer of complexity that is rarely addressed in current research.
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The need for a systematic evaluation of GTR membranes in immunocompromised
patients is further emphasized by the growing prevalence of these patients worldwide [21].
According to the International Diabetes Federation, approximately 537 million adults were
living with diabetes in 2021, a number expected to rise to 643 million by 2030 [22]. Similarly,
global cancer incidence continues to increase, with an estimated 19.3 million new cases and
nearly 10 million deaths reported in 2020 [23,24]. These trends highlight the urgency of
developing effective therapeutic strategies to manage the complications associated with
these conditions, including impaired tissue regeneration. The integration of advanced GTR
membranes into clinical practice for these populations holds the potential to significantly
improve patient outcomes, reduce healthcare costs associated with chronic wounds, and
enhance the quality of life for millions of patients [25].

This scoping review aims to address the critical gap in knowledge by providing a
comprehensive review of the current evidence on the use of GTR membranes in immuno-
compromised patients. Furthermore, it seeks to identify key research gaps and proposes
future directions to optimize GTR membrane strategies for these high-risk populations.
The findings of this review can inform both clinical practice and future research, ulti-
mately contributing to the development of targeted and effective regenerative therapies for
immunocompromised individuals.

2. Methods

This scoping review was carried out following the framework provided by the Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses [26] to ensure a me-
thodical, clear, and reproducible process. The primary aim of the review was to investigate
and synthesize the existing evidence regarding the use of GTR membranes in patients
with compromised immune systems. This review emphasized assessing healing outcomes,
membrane efficacy, and potential limitations while identifying unexplored areas in the cur-
rent body of knowledge. To accomplish these objectives, the methodology included several
key steps: defining the research question, creating a thorough search strategy, selecting and
evaluating studies based on predefined inclusion and exclusion criteria (Table 1), extracting
pertinent data, and synthesizing findings.

Table 1. Inclusion and exclusion criteria for article selection.

Inclusion Criteria

Exclusion Criteria

Published peer-reviewed articles in English
Human sample-based studies
Focused on the use of membranes for tissue

regeneration

Abstracts without a full text
Review articles (literature review, narrative review,
scoping review, systematic review, meta-analysis)

e  Opinion articles (letter to editor, editorial comments,
opinion)
Articles not written in English

e  Conference proceedings

The research question guiding this review was as follows: what is the current evidence
on the healing effects of membranes used for guided tissue regeneration in immunocom-
promised patients? This question was designed to provide a broad understanding of the
literature while addressing the specific objective. A comprehensive search strategy was
employed to identify relevant studies across multiple electronic databases, selected for their
broad coverage of the biomedical literature (Table 2). These databases included PubMed,
Web of Science, Cochrane Library, Ovid, and Scopus. The search strategy combined con-
trolled vocabulary, such as Medical Subject Headings terms, with free-text keywords to
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ensure a wide capture of studies. Key terms included “guided tissue regeneration”, “barrier
membranes”, “immunocompromised”, “tissue healing”, and “wound regeneration”, along
with related synonyms. Boolean operators such as AND, OR, and NOT were used to refine
the search, and database-specific terms were applied to restrict results to peer-reviewed ar-
ticles published in English. The search period extended from the inception of each database

to the date of search to ensure comprehensive coverage.

Table 2. Database search strategy.

Database
(Date of Search)

Number
Search Strategies of Articles
Found

PubMed
(7 November 2023)

((“Membranes, Artificial’[Mesh]) OR (“Tissue Scaffolds”[Mesh]) OR
(“absorbable membrane”[tiab]) OR (“absorbable membranes”[tiab]) OR
(“Semi-absorbable membrane”[tiab]) OR (“Semi-absorbable membranes”[tiab])
OR (“non-absorbable membranes”[tiab]) OR (“non-absorbable membrane”[tiab])
OR (“Barrier Membrane”[tiab]) OR (“Barrier Membranes”[tiab]) OR (“synthetic
membrane”[tiab]) OR (“synthetic membranes”[tiab])) AND ((“Guided Tissue
Regeneration”[Mesh]) OR (“Bone Growth”[tiab]) OR (“Tissue
Engineering”[Mesh]) OR (“Guided Tissue Regeneration, Periodontal”’[Mesh]) 66
OR (“Bone Regeneration”[Mesh]) OR (“Nerve Regeneration”[Mesh])) AND
((“Immunocompromised Host”[Mesh]) OR (“immunodeficiency”[tiab]) OR
(“immunocompromised”[tiab]) OR (“immunosuppressed”[tiab])) NOT
((“Review”[Publication Type]) OR (“Meta-analysis”[Publication Type]) OR
(“Systematic review”[Publication Type]) OR (“Case reports”[Publication Type])
OR (“Editorial”[Publication Type]) OR (“News”[Publication Type]) OR
(“Newspaper Article”[Publication Type]))

Cochrane
Library—Clinical
Trials

(7 November 2023)

(((Artificial Membranes) OR (Artificial Membrane) OR (Tissue Scaffolds) OR
(Tissue Scaffold) OR (absorbable membrane) OR (absorbable membranes) OR
(Semi-absorbable membrane) OR (Semi-absorbable membranes) OR
(non-absorbable membranes) OR (non-absorbable membrane) OR (Barrier
Membrane) OR (Barrier Membranes) OR (synthetic membrane) OR (synthetic
membranes)) AND ((Guided Tissue Regeneration) OR (Bone Regeneration) OR
(Bone Regenerations) OR (Periodontal Guided Tissue Regeneration) OR (Guided
Periodontal Tissue Regeneration) OR (Tissue Engineering) OR (Nerve
Regeneration) OR (Nerve Tissue Regeneration) OR (Nervous Tissue
Regeneration) OR (Neural Tissue Regeneration)) AND ((Immunocompromised
Host) OR (Immunosuppressed Host) OR (Immunocompromised Patient) OR
(Immunocompromised Hosts) OR (Immunosuppressed Hosts) OR
(immunodeficiency) OR (immunocompromised) OR
(immunosuppressed))):ti,ab,kw

Ovid
(7 November 2023)

((Artificial Membranes) OR (Artificial Membrane) OR (Tissue Scaffolds) OR
(Tissue Scaffold) OR (absorbable membrane) OR (absorbable membranes) OR
(Semi-absorbable membrane) OR (Semi-absorbable membranes) OR
(non-absorbable membranes) OR (non-absorbable membrane) OR (Barrier
Membrane) OR (Barrier Membranes) OR (synthetic membrane) OR (synthetic
membranes)).ti,ab. AND ((Guided Tissue Regeneration) OR (Bone Regeneration)
OR (Bone Regenerations) OR (Periodontal Guided Tissue Regeneration) OR
(Guided Periodontal Tissue Regeneration) OR (Tissue Engineering) OR (Nerve
Regeneration) OR (Nerve Tissue Regeneration) OR (Nervous Tissue
Regeneration) OR (Neural Tissue Regeneration)).ti,ab. AND
((Immunocompromised Host) OR (Immunosuppressed Host) OR
(Immunocompromised Patient) OR (Immunocompromised Hosts) OR
(Immunosuppressed Hosts) OR (immunodeficiency) OR (immunocompromised)
OR (immunosuppressed)).ti,ab.
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(Date of Search) &
Found

Scopus
(7 November 2023)

TITLE-ABS (((artificial AND membranes) OR (artificial AND membrane) OR (tissue AND
scaffolds) OR (tissue AND scaffold) OR (absorbable AND membrane) OR (absorbable
AND membranes) OR (semi-absorbable AND membrane) OR (semi-absorbable AND
membranes) OR (non-absorbable AND membranes) OR (non-absorbable AND
membrane) OR (barrier AND membrane) OR (barrier AND membranes) OR (synthetic
AND membrane) OR (synthetic AND membranes)) AND ((guided AND tissue AND
regeneration) OR (bone AND regeneration) OR (bone AND regenerations) OR
(periodontal AND guided AND tissue AND regeneration) OR (guided AND periodontal
AND tissue AND regeneration) OR (tissue AND engineering) OR (nerve AND
regeneration) OR (nerve AND tissue AND regeneration) OR (nervous AND tissue AND
regeneration) OR (neural AND tissue AND regeneration)) AND ((immunocompromised
AND host) OR (immunosuppressed AND host) OR (immunocompromised AND patient)
OR (immunocompromised AND hosts) OR (immunosuppressed AND hosts) OR
(immunodeficiency) OR (immunocompromised) OR (immunosuppressed))) AND
(EXCLUDE (DOCTYPE, “re”) OR EXCLUDE (DOCTYPE, “ch”) OR EXCLUDE
(DOCTYPE, “cp”)) AND (LIMIT-TO (LANGUAGE , “English”))

79

Web of Science
(7 November 2023)

(TT = (((Artificial Membranes) OR (Artificial Membrane) OR (Tissue Scaffolds) OR (Tissue
Scaffold) OR (absorbable membrane) OR (absorbable membranes) OR (Semi-absorbable
membrane) OR (Semi-absorbable membranes) OR (non-absorbable membranes) OR
(non-absorbable membrane) OR (Barrier Membrane) OR (Barrier Membranes) OR
(synthetic membrane) OR (synthetic membranes)) AND ((Guided Tissue Regeneration)
OR (Bone Regeneration) OR (Bone Regenerations) OR (Periodontal Guided Tissue
Regeneration) OR (Guided Periodontal Tissue Regeneration) OR (Tissue Engineering) OR
(Nerve Regeneration) OR (Nerve Tissue Regeneration) OR (Nervous Tissue Regeneration)
OR (Neural Tissue Regeneration)) AND ((Immunocompromised Host) OR
(Immunosuppressed Host) OR (Immunocompromised Patient) OR
(Immunocompromised Hosts) OR (Immunosuppressed Hosts) OR (immunodeficiency)
OR (immunocompromised) OR (immunosuppressed)))) OR AB = (((Artificial Membranes)
OR (Artificial Membrane) OR (Tissue Scaffolds) OR (Tissue Scaffold) OR (absorbable
membrane) OR (absorbable membranes) OR (Semi-absorbable membrane) OR
(Semi-absorbable membranes) OR (non-absorbable membranes) OR (non-absorbable
membrane) OR (Barrier Membrane) OR (Barrier Membranes) OR (synthetic membrane)
OR (synthetic membranes)) AND ((Guided Tissue Regeneration) OR (Bone Regeneration)
OR (Bone Regenerations) OR (Periodontal Guided Tissue Regeneration) OR (Guided
Periodontal Tissue Regeneration) OR (Tissue Engineering) OR (Nerve Regeneration) OR
(Nerve Tissue Regeneration) OR (Nervous Tissue Regeneration) OR (Neural Tissue
Regeneration)) AND ((Immunocompromised Host) OR (Immunosuppressed Host) OR
(Immunocompromised Patient) OR (Immunocompromised Hosts) OR
(Immunosuppressed Hosts) OR (immunodeficiency) OR (immunocompromised) OR
(immunosuppressed)))

70

The process of selecting studies was conducted in two separate stages. In the first stage,
the titles and abstracts of retrieved articles were screened for relevance. Two independent
reviewers evaluated each study based on the preset inclusion and exclusion criteria. Articles
that satisfied the initial criteria were then subjected to a thorough full-text review in the
second stage. During this phase, the same two reviewers assessed the studies for final
inclusion, resolving any differences through discussion or by consulting a third reviewer
when needed.

Clear inclusion and exclusion criteria were established to ensure the quality and
relevance of the selected studies. Inclusion criteria included studies examining the use of
GTR membranes in patients with weakened immune systems, reporting healing outcomes
such as tissue regeneration or infection prevention, involving human samples or relevant
preclinical models, and published as original research in peer-reviewed journals in English.
On the other hand, exclusion criteria consisted of review articles, meta-analyses, and
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opinion pieces; studies not published in English; research that did not focus on GTR
membranes or was unrelated to immunocompromised populations; and studies lacking
insufficient methodological detail or with incomplete outcome data.

Data extraction was performed using a standardized form specifically created for
this review. The extracted information included details such as study characteristics
(author(s), publication year, study location, research design, and sample size), population
characteristics (patient conditions like diabetes or cancer and their immunocompromised
status), intervention details (types of GTR membranes, materials used, and additional
therapeutic components such as growth factors or antimicrobials), key findings, and any
limitations or recommendations noted by the authors. To ensure accuracy and consistency,
one reviewer conducted the data extraction, which was then independently validated
by a second reviewer. Any disagreements were resolved through mutual discussion
and agreement.

The extracted data were synthesized and presented narratively to offer a thorough
summary of the findings. This synthesis included grouping studies by characteristics such
as patient population, GTR membrane type, and research design. A thematic analysis was
carried out to identify shared trends and recurring patterns in the results. Reported healing
outcomes were compared across studies to highlight trends, strengths, and limitations in
the evidence. Research gaps were also identified, particularly in areas where evidence was
inconsistent, lacking, or inconclusive.

By using this structured and transparent approach, this review aimed to deliver a
comprehensive and reliable synthesis of the evidence regarding GTR membranes in im-
munocompromised patients, contributing to the advancement of knowledge and informing
clinical practice in this essential field.

3. Results

The systematic search identified a total of 218 articles, from which 64 duplicates were
removed. After screening the title and abstract of the remaining 154 articles, 144 studies
were excluded due to their focus on non-human models, irrelevance to GTR membranes, or
lack of applicability to immunocompromised populations (Figure 1). A full-text review of
the remaining 10 articles identified 5 studies that met the defined inclusion criteria. These
studies focused on experimental applications of GTR membrane technologies in preclinical
models and human sample-based research relevant to immunocompromised individuals.

The findings from these studies highlighted advancements in the design and use of
GTR membranes for tissue regeneration in environments affected by systemic conditions
(Table 3). Several key themes emerged, showcasing innovations in membrane engineering,
incorporation of biological agents, and applications in complex regenerative scenarios.
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Records identified from Records removed before screening:
Databases (n = 218) Duplicate records removed (n = 64)

Records excluded (n = 144)

~

~

Included ]

J

Screening

* Non-Human Based Subject Studies (n = 115)
Records screened

(n = 154)

*  Not within Scope (n = 23)

* Review articles, Editorials, Abstracts, etc. (n = 6)

* Not in English (n = 0)

Reports sought for retrieval Reports not retrieved (n = 0)
(n=10)

Reports excluded (n = 5)
Reports assessed for +  Human cell - derived study (n = 3)
eligibility (n = 10) +  Scaffold free method (n = 1)

» Not focused on membrane or scaffolds (n = 1)

Studies included in
review (n = 5)

€

Figure 1. PRISMA flow diagram of article selection.

One notable finding was the incorporation of stem cells with GTR membranes to
improve regenerative outcomes. Stem cells such as oral mucosa stem/progenitor cells
(OMSFCs) and dental pulp stem cells (DPSCs) showed remarkable potential when com-
bined with engineered membranes or scaffolds. These cells demonstrated self-renewal
capabilities and differentiation potential, contributing to the development of complex tis-
sues such as bone and periodontal structures [32]. The addition of bone morphogenetic
protein-2 (BMP-2) pre-treatment in combination with biomimetic scaffolds significantly
enhanced osteogenesis and mineralized matrix deposition [28]. Similarly, OMSFCs cultured
using the neurosphere technique regenerated cementum-like structures and ectopic bone
in non-hard tissue regions [27]. These studies emphasize the synergistic effects of combin-
ing stem cell-based therapies with bioengineered membranes, particularly in overcoming
limited regenerative capacities in immunocompromised patients.
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Table 3. Characteristics and findings from the reviewed articles.

Author (Year) Country Study Aims Findings
OMSECs have similar properties to
NCSCs (self-renewing capabilities
and multipotency); OMSFCs were
To isolate NCSCs from oral able to generate ectopic bone tissues
. even in a region not naturally
mucosa using the neurosphere containing hard tissue; regenerated
Abe et al. (2015) [27] Japan technique and to establish lul _? hard ti s Te8 ¢ th
effective in vivo bone tissue ace wwartype hard ussties rom the
regeneration methods. OMSEFCs form cementum-like
structures, and the use of the
neurosphere culture technique
allows for a more simplified method
for isolating and culturing OMSFCs.
This study demonstrated the
successful production of a
To investigate the potential of = nanocrystalline, mineralized matrix
combining biomimetic over time in both in vitro and in vivo
Bakopoulou et al. Creece chitosan/gelatin (CS/Gel) settings, with CS/Gel-0.1 scaffolds
(2019) [28] scaffolds with dental pulp showing more effective upregulation
stem cells (DPSCs) for of osteo/odontogenic genes and
orofacial bone reconstruction.  enhanced bone formation when
pre-treated with recombinant human
BMP-2.
A TEC was successfully generated
To develop tissue-engineered  from postnatal human organoid units
colons (TECs) from postnatal ~ implanted onto biodegradable
human organoid units and scaffolds in immunocompromised
Barthel et al. (2012) [29]  United States evaluate their potential for mice, demonstrating differentiation
colon tissue regeneration by into mature colon epithelium with
implanting them into supporting mesenchymal
immunocompromised mice. components, indicating a potential
transition towards human therapy.
To develop scaffold-free tissue
constructs using periodontal
ligament cells (PDLCs) that Scaffold-free tissue constructs
self-assemble into an engineered from PDLCs
organized multi-tissue demonstrated an organized
structure mimicking the multi-tissue structure comprising a
Basu et al. (2019) [30] United States complex composition of mineralized cementum-like core and
periodontal tissues, a PDL-like tissue, which maintained
specifically comprising a its structural and biochemical
mineralized cementum-like characteristics both in vitro and
core surrounded by a in vivo.
periodontal ligament
(PDL)-like tissue.
Cells on the microcavity-rich scaffold
released larger amounts of BMP-2
To understand whether a and VEGF into the culture medium
Graziano et al microcavity-rich scaffold had  and expressed higher alkaline
' Italy distinct bone-forming phosphatase activity. The

(2007) [31]

capabilities compared to a
smooth one.

microcavity-rich scaffold enhanced
cell adhesion: the cells created
initimate contact with secondary
microcavities and were polarized.




Appl. Sci. 2025, 15,1145

9o0f 16

Scaffold architecture and material properties were identified as critical factors in
successful tissue regeneration. Biomimetic scaffolds, such as chitosan/gelatin (CS/Gel)
composites [28] and microcavity-rich designs [31], demonstrated superior performance
in promoting cell adhesion, polarization, and growth factor release. These architectural
features facilitated key cellular interactions and supported the deposition of mineralized
matrices required for bone regeneration. Microcavity-rich scaffolds, for instance, increased
the release of BMP-2 and VEGEF, enhancing osteogenic activity and alkaline phosphatase
expression [31]. These findings highlight the importance of scaffold microarchitecture in
optimizing biological activity, particularly in challenging regenerative environments.

The investigation of scaffold-free tissue engineering presented an alternative strategy
to traditional membrane-based methods. Scaffold-free constructs, developed from peri-
odontal ligament cells (PDLCs), were capable of self-assembling into organized, multi-tissue
structures resembling the native periodontal composition [30]. These constructs exhibited
a mineralized cementum-like core surrounded by periodontal ligament-like tissue, main-
taining both structural and biochemical integrity in vitro and in vivo [33]. The scaffold-free
approach offered unique advantages, such as reduced immunogenicity and improved
integration with host tissues, making it particularly beneficial for patients where scaffold
implantation may pose challenges due to systemic conditions or immunosuppression.

Preclinical applications of GTR technologies provided additional evidence of their
translational potential. Postnatal human organoid units were successfully differentiated
into mature colon epithelium within tissue-engineered colon (TEC) constructs [29]. These
constructs, created using biodegradable scaffolds and implanted into immunocompro-
mised mouse models, served as a platform for evaluating GTR membrane performance
under conditions simulating impaired immune environments [34]. The ability of these
constructs to integrate with host tissues and support functional differentiation underscores
the potential of GTR technologies to address large-scale tissue deficits in clinical practice.

4. Discussion

The findings from this scoping review highlight the transformative role of GTR mem-
branes in addressing the complex challenges faced by immunocompromised populations.
These systemic conditions are often associated with delayed or impaired healing due to
factors such as chronic inflammation, reduced angiogenesis, and diminished immune
responses [35]. The reviewed studies collectively underscore the promise of GTR tech-
nologies, specifically in leveraging stem cells, scaffold designs, and novel engineering
approaches to achieve enhanced regenerative outcomes.

4.1. Integration of Stem Cells with GTR Membranes

The integration of stem cells with GTR membranes represents a significant advance-
ment in regenerative medicine [36]. Stem cells, such as OMSFCs and DPSCs, possess
self-renewal and multipotency, enabling them to differentiate into multiple cell types and
regenerate complex tissues [37]. Abe et al. [27] demonstrated that OMSFCs cultured using
the neurosphere technique could regenerate cementum-like structures and ectopic bone in
non-hard tissue regions. This aligns with previous findings that stem cells, when embedded
in bioengineered constructs, adapt to their microenvironment and respond to regenerative
cues, even in compromised conditions [38].

Similarly, Bakopoulou et al. [28] reported that DPSCs embedded in CS/Gel scaffolds
pre-treated with BMP-2 significantly enhanced osteogenesis and mineralized matrix de-
position. The role of BMP-2 in upregulating osteogenic pathways has been extensively
documented, showing promise in promoting bone repair, particularly in diabetic patients
where chronic hyperglycemia disrupts osteoblast function [39]. In cancer patients, stem cell
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therapies embedded within GTR membranes could mitigate treatment-induced bone loss
and accelerate healing following surgical resections or radiotherapy [40].

Collectively, these studies highlight that stem cell integration is not merely additive but
foundational for the success of advanced GTR therapies. By embedding stem cells within
bioengineered scaffolds and enhancing their activity through growth factors, GTR mem-
branes can overcome significant regenerative deficits observed in immunocompromised
populations [41].

4.2. Architectural and Material Innovations in GTR Membranes

The design and material composition of GTR membranes emerged as critical deter-
minants of their efficacy. Graziano et al. [31] demonstrated that microcavity-rich scaffolds
enhanced the release of BMP-2 and VEGEF, which significantly improved osteogenic ac-
tivity and alkaline phosphatase expression. VEGF, a potent angiogenic factor, is particu-
larly critical in diabetic wounds, where reduced vascularization impairs tissue repair [31].
Microcavity-rich designs thus provide structural cues that mimic the extracellular matrix,
facilitating both angiogenesis and osteogenesis in compromised environments [42].

CS/Gel composites further exemplify the importance of material properties in creating
an optimal regenerative microenvironment [28,43]. These scaffolds not only promoted
cellular adhesion and polarization but also supported the controlled release of BMP-2,
providing sustained osteogenic signaling [44]. Previous studies have corroborated that bio-
compatible and biodegradable materials such as chitosan enhance regenerative outcomes
by integrating seamlessly with host tissues and minimizing inflammatory responses [45].

These findings highlight the pivotal role of scaffold architecture and materials in
amplifying biological activity, particularly in immunocompromised settings where natural
regenerative signals are often insufficient. Advanced designs that mimic the extracellular
matrix while releasing bioactive factors could bridge the gap between experimental efficacy
and clinical application [46].

4.3. Scaffold-Free Tissue Engineering

Scaffold-free tissue engineering offers a novel approach to tissue regeneration, par-
ticularly for patients at higher risk of scaffold-related complications [47]. Basu et al. [30]
demonstrated that scaffold-free constructs derived from PDLCs could self-assemble into
organized, multi-tissue structures, mimicking the composition and functionality of native
periodontal tissue. This approach is particularly relevant for immunocompromised pa-
tients, as synthetic scaffolds may increase the risk of immune rejection or foreign body
reactions [48].

Scaffold-free constructs align with the body’s natural healing processes by leveraging
the innate organizational capabilities of cells [49]. This approach is supported by other
studies demonstrating that scaffold-free tissue engineering reduces immunogenicity while
maintaining functional tissue integrity [50]. These advantages make scaffold-free constructs
an attractive option for addressing complex tissue defects in vulnerable populations.

4.4. Preclinical Models and Translational Potential

Preclinical models provide valuable insights into the translational potential of GTR
technologies [51]. Barthel et al. [29] demonstrated that TEC constructs successfully dif-
ferentiated into mature colon epithelium when implanted in immunocompromised mice.
These findings align with research indicating that biodegradable scaffolds can support the
functional differentiation and integration of tissue-engineered constructs in vivo [29,52].

While preclinical models highlight the feasibility of applying GTR technologies to
complex tissues, they also underscore the challenges of translating these findings to hu-
man populations. Differences in immune system dynamics and tissue-specific responses
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between animal models and humans necessitate rigorous clinical trials to validate efficacy
and scalability.

4.5. Gaps and Challenges

Several gaps in the current literature were identified. First, the predominant reliance
on preclinical models limits the generalizability of findings to human populations. While
these models simulate immunocompromised environments, they do not fully replicate
the complexities of human physiology, particularly in chronic conditions like diabetes
and cancer.

Second, the heterogeneity within immunocompromised populations remains under-
explored. Variations in glycemic control among diabetic patients or differences in cancer
treatment regimens likely influence GTR membrane performance but were not adequately
stratified in the reviewed studies. Future studies should account for these variables to
develop personalized regenerative solutions.

Finally, the long-term outcomes and potential adverse effects of GTR membranes
are poorly understood. Chronic conditions may introduce systemic factors that affect the
performance and longevity of these technologies, necessitating longitudinal studies to
assess sustained efficacy and identify delayed complications.

4.6. Clinical Implications

The findings from this review underscore the transformative potential of GTR mem-
branes in addressing the unique challenges of tissue repair and regeneration in immuno-
compromised populations. These systemic conditions often impair the body’s natural
healing processes due to chronic inflammation, reduced angiogenesis, and immune system
suppression [29,53]. The advancements highlighted in the reviewed studies provide a
foundation for incorporating GTR membranes into clinical practice to improve outcomes in
these high-risk populations. However, a better understanding of their clinical implications
is essential for maximizing their therapeutic potential.

4.6.1. Personalized Approaches to Regeneration

One of the most significant clinical implications is the necessity for personalized ap-
proaches when applying GTR membranes in immunocompromised patients. The reviewed
studies revealed that variations in systemic conditions could influence the performance of
GTR membranes. For instance, diabetic patients often experience impaired bone repair and
chronic wound healing due to diminished angiogenic and osteogenic responses [54]. The
use of biomimetic scaffolds pre-treated with BMP-2 has shown potential in overcoming
these deficits by enhancing osteogenesis and angiogenesis [55]. These findings suggest
that integrating patient-specific factors into GTR membrane design, such as incorporating
growth factors or antimicrobial properties tailored to an individual’s physiological needs,
could significantly improve clinical outcomes.

4.6.2. Enhanced Material Design for Clinical Applications

The architectural and material innovations in GTR membranes, such as CS/Gel scaf-
folds and microcavity-rich designs, offer promising solutions for creating tissue-specific
regenerative environments [56]. These biomimetic scaffolds not only mimic the extra-
cellular matrix but also promote cell adhesion, polarization, and growth factor release,
essential for successful tissue integration and repair [57]. For cancer patients undergoing
radiotherapy or chemotherapy, who may face significant tissue loss and delayed healing,
these materials could provide critical support for reconstruction and regeneration [4]. The
ability to incorporate bioactive molecules that counteract the immunosuppressive effects of
cancer treatments further enhances the applicability of GTR membranes in oncology [34].
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The development of multifunctional GTR membranes that combine regenerative,
antibacterial, and anti-inflammatory properties could address multiple challenges simulta-
neously in clinical settings [58]. For example, diabetic patients with chronic wounds are at
a heightened risk of infection [59], making antibacterial membranes a crucial innovation.
Similarly, anti-inflammatory membranes could modulate chronic inflammation in cancer
patients or those with poorly controlled diabetes, fostering a more conducive environment
for tissue repair [60].

4.6.3. Scaffold-Free Constructs for Inmunocompromised Patients

Scaffold-free tissue engineering represents an alternative approach with specific clin-
ical advantages for immunocompromised patients. By leveraging the self-organizing
capabilities of cells, such as PDLCs, scaffold-free constructs eliminate the risks associated
with synthetic scaffold implantation, such as foreign body reactions and delayed inte-
gration [61]. For patients at higher risk of immune-related complications, this approach
aligns closely with the body’s natural healing mechanisms and offers a viable pathway for
complex tissue regeneration.

In clinical practice, scaffold-free constructs could be particularly beneficial in recon-
structive surgeries or periodontal repair, where maintaining native tissue compatibility
and minimizing the immune response are critical [62]. These constructs also have the
potential to reduce the procedural complexity of scaffold placement, offering streamlined
regenerative solutions [47].

4.6.4. Preclinical Findings and Translational Potential

The preclinical studies reviewed in this study demonstrate the potential for GTR
membranes to support the regeneration of large-scale tissue defects and even complex
organ systems [63]. These findings highlight the scalability and adaptability of GTR
technologies for clinical applications. However, translating these preclinical successes
to human populations requires rigorous clinical trials to evaluate efficacy, safety, and
long-term outcomes [64,65]. Clinicians must consider patient-specific variables, such as
the degree of immunosuppression, comorbid conditions, and potential interactions with
concurrent treatments, when implementing GTR-based therapies.

4.6.5. Addressing Challenges and Building on Current Innovations

Despite the promising advancements, the successful clinical implementation of GTR
membranes in immunocompromised populations requires addressing several challenges.
The lack of human studies and limited understanding of long-term outcomes necessitate
extensive clinical trials. Additionally, the heterogeneity of systemic conditions in immuno-
compromised patients requires stratified research that accounts for variations in disease
severity and treatment regimens. Developing standardized protocols for membrane selec-
tion, application techniques, and monitoring could enhance consistency and effectiveness
in clinical settings.

4.7. Limitations of This Review

The review process has several limitations. Restricting the included studies to those
published in English introduced a language bias, potentially excluding relevant research
from non-English sources. Additionally, while the selected databases offer broad cover-
age, studies in less commonly indexed journals or newer repositories might have been
overlooked. The exclusion of meta-analyses, review articles, and studies with insufficient
methodological details limited the scope of evidence and broader context. Reviewer bias
may have influenced study selection, as resolving disagreements involved subjective judg-
ment. Heterogeneity in study designs, populations, and outcome measures complicated
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comparisons and reduced generalizability. The reliance on preclinical models further limits
the applicability of the findings to clinical settings. Furthermore, the search period cut-off
might have excluded recent advancements in GTR technologies. Lastly, the focus on heal-
ing outcomes and membrane efficacy may have overlooked critical factors such as patient
variability, long-term impacts, and economic considerations. These limitations underscore
the need for more comprehensive and inclusive future research in this field.

4.8. Future Integration into Standard Care

As the field of regenerative medicine evolves, GTR membranes have the potential to
become a standard component of care for high-risk patient populations. By integrating these
technologies into multidisciplinary treatment plans that include wound care specialists,
surgeons, and oncologists, GTR membranes can address a wide range of clinical needs,
from managing chronic wounds to supporting reconstructive surgeries. The ability to
customize GTR membranes for individual patients further enhances their versatility and
positions them as a cornerstone of future regenerative therapies.

5. Conclusions

GTR membranes show immense potential in addressing the complex challenges of
tissue repair in immunocompromised populations. The integration of stem cells with
advanced scaffolds, enriched with growth factors like BMP-2, significantly enhances re-
generative outcomes, particularly in environments compromised by systemic conditions.
Innovations in scaffold design, including biomimetic and microcavity-rich structures, as
well as scaffold-free tissue engineering, further highlight the versatility of GTR technolo-
gies. While preclinical studies demonstrate promising translational potential, challenges
remain regarding clinical validation, personalized applications, and long-term efficacy.
With continued research and development, GTR membranes could transform regenerative
medicine, offering effective and sustainable solutions for high-risk patients.
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